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ABSTRACT
ECCLOGY CF ROCKY StBTIDfiL COMMUNITIES:
THE RCLE CF M fDtnrJTS MmTflTJTS ( L . ) AND 
THE INFLUENCE CF DISTOEBMCE, OOMEETITICN, AND MUTUALISM
by
JCN D. WITMAN 
U n iv ers ity  o f New Hampshire, September, 1984
This s tu d / p re se n ts  an  a n a ly s is  o f p h y sica l and b io lo g ic a l  
p rocesses re g u la tin g  th e  s tru c tu re  of rocky su b tid a l com m unities o f f  
th e  co as t of New Hampshire and sou thern  Maine, USA, w ith  p a r t i c u la r  
em phasis on the  ecology of th e  ho rse  m ussel Modiolus m odiolus (L.). 
Q u a n tita tiv e  sam pling and m u l t iv a r ia te  a n a ly s is  rev ea led  3 com m unities 
along an  8-30 m depth g ra d ie n t o f f  S ta r  Is lan d , I s l e s  o f Shoals: (1) a
Modiolus community; (2) a  30 m community c o n s is tin g  o f sp e c ie s  w ith  
h ig h e s t d e n s it ie s  o u ts id e  m ussel beds; and (3) an  8-18 m community 
composed of sp ec ie s  a t ta in in g  maximal d e n s i t ie s  o u ts id e  m ussel beds.
A com bination of methods: c o n tro lle d  f i e l d  experim ents, a  n a tu ra l  
g raz in g  experim ent, and long-term  photographic m on ito ring  (5 y rs) 
enabled  p a t te rn s  o f  Modiolus community s tru c tu re  to  b e  r e la te d  t o  th e  
p rocesses m a in ta in ing  them. B ivalve, oph iuro id , and ech ino id  prey 
o u ts id e , b u t no t in s id e , Modiolus beds w ere consumed by f i s h ,  c rab , and 
lo b s te r  p re d a to rs  in d ic a tin g  th a t  Modiolus beds a r e  a  s p a t i a l  refuge 
from predation . The sea  u rch in  S tro noy locen tro tu s d ro ebach iensis  was 
th e  m ost s ig n if ic a n t  agen t of b io lo g ic a l  d is tu rb an ce ; m o tile  u rch in  
ag g reg a tio n s  overgrazed th e  8 m ben thos in  1982 causing ra d ic a l  changes
x i i
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in  sp ec ie s  com position, rank o rd e r o f dominance, sp ec ie s  r ich n e ss , 
d iv e rs i ty  and evenness o u ts id e  th e  m ussel beds. In faunal assem blages 
w ith in  Modiolus beds changed th e  l e a s t  because th e  m ussel bed  s tru c tu re  
damped th e  im pact o f overgrazing on th e  a s so c ia te d  fauna.
At tw o exposed o ffsh o re  s i t e s ,  dense pop u la tio n s  o f Modiolus 
m odiolus occurred  a t  in te rm e d ia te  depths (11-18 m) b u t no t a t  shallow  
dep ths (4-8 m) t h a t  w ere dominated by th e  k e lp  L am inaria d ig i t a t a  and 
Lam inaria saccharina. Experim ents and su rveys in d ic a te d  th a t  ch ron ic  
sto rm -genera ted  d is tu rb an ce  caused m assive dislodgem ent of m ussels 
co m p e titiv e ly  overgrown by kelp, and could account fo r  th e  s c a r c i ty  of 
Modiolus a t  shallow  depths. The hy p o th esis  t h a t  sea  u rch in s  in c re a se  
Modiolus su rv iv o rsh ip  by g raz ing  kelp  o f f  m ussels and decreasing  th e  
r i s k  o f dislodgem ent was te s te d  by an u rch in  removal experim ent. The 
removal of sea  u rch in s  from  m ussel beds le d  t o  an  exponen tia l 
re c ru itm e n t o f ke lp  r e s u l t in g  in  a  3 0 -fo ld  in c re a se  of mussel 
m o r ta l i ty  (v ia  kelp-induced  dislodgem ent), compared to  c o n tro l beds 
w ith  re s id e n t sea u rch ins. The M odio lus-S tronay locen tro tus in te ra c t io n  
i s  m u tu a lis t ic ,  a s  m ussels p rovide a  refuge from p red a tio n  fo r  re s id e n t 
sea  u rch ins. I t  i s  suggested  th a t  th e  co ex istence  of ke lp  and m ussel 
com p etito rs  i s  f a c i l i t a t e d  by f a c u la t iv e  m utualism . Patch 
re o o lo n iz a tio n  experim ents ev a lu a ted  th e  a b i l i t y  of kelp  and m ussels to  
recover from dislodgem ent d is tu rbance . Kelps reco lon ized  and dominated 
a l l  a lg a l tu r f  pa tch es  and 47% o f m ussel pa tches w ith in  7 months. In  
c o n tra s t ,  Modiolus d id  n o t recover from s im u la ted  dislodgem ent 
d is tu rb an ce  d e sp ite  dense m ussel rec ru itm e n t, suggesting  t h a t  th e  
a b i l i t y  of kelps to  bounce back from dislodgem ent d is tu rb an ce  enhances 
th e i r  co m p etitiv e  su p e r io r ity .
x i i i
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CHAPTER I
THE EFFECTS OF BIOLOGICAL DISTURBANCE AND MUSSEL BED REFUGES 
ON SUBTIDAL COMMUNITY STRUCTURE
hotoducticn
On rocky shores, much of th e  s t r u c tu re  o f m arine ben th ic  
com m unities i s  produced by s e s s i le  organism s (Dayton, 1971; Jackson, 
1977; Paine and Suchanek, 1984). Since s e s s i l e  organism s a re  
perm anently a tta c h e d  t o  th e  substratum , attachm ent space i s  an 
im p o rtan t l im it in g  resource  in  rocky shore environm ents (Connell, 1961; 
Paine, 1966; Dayton, 1971; Menge, 1976). Thus, com petition  fo r  
a ttachm en t space fre q u e n tly  determ ines th e  abundance and d is t r ib u t io n  
o f hard  s u b s t r a te  organism s such a s  m acroalgae (Dayton, 1975;
Lubchenco, 1980; S a n tile c e s  £ t  a L , 1981), barn ac les  (Connell, 196la ,b ; 
Menge, 1976), m ussels (Paine, 1966, 1974; Harger, 1972), cheilostom e 
ec to p ro c ts  (Buss and Jackson, 1979; Jackson, 1979; Rubin, 1982), sea  
anemones (F rancis, 1973), sponges (R utzler, 1970; Sara, 1970), and 
assem blages o f sponges, e c to p ro c ts , and a sc id ia n s  (Russ, 1982; Sebens, 
1984a). Another consequence o f ep ifau n a l ex is te n c e  i s  th a t  communities 
o f s e s s i le  organism s a re  exposed to  la rg e , p o te n t ia l ly  d e s tru c tiv e  
d is tu rb a n c e s  There i s  a  con sid erab le  amount of evidence th a t  p h y sica l 
and /o r b io lo g ic a l d is tu rb a n ces  a re  m ajor d e term inan ts  o f community 
s t r u c tu re  in  th e  rocky in t e r t i d a l  zone (Paine, 1966; Dayton, 1971,
1973; Levin and Paine, 1974; Osman, 1977; Paine, 1979; Sousa, 1979; 
Lieberman s .t  a L . 1979; Paine and Levin, 1981; D eth ier, 1984; reviewed
1
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2i n  Sousa, 1984). D isturbance r e f e r s  t o  an  e x t r in s ic ,  d e le te r io u s  even t 
t h a t  causes a  ra p id  m o d ifica tio n  in  a  po p u la tio n  o r  community 
(Levinton, 1982). Dayton (1971) dem onstrated th a t  d is tu rb an ce  can 
m ediate co m p e titiv e  in te r a c t io n s  by f o r e s ta l l in g  co m p e titiv e  exclu sion ; 
i t h i s  p rocess in c re a se s  sp e c ie s  d iv e rs i ty  by enab ling  com p etitiv e ly
in f e r io r  sp e c ie s  t o  c o e x is t w ith  com p etitiv e  dom inants (Levin and 
Paine, 1974). As shown by Connell (1978) and Lubchenco (1978),
! d iv e rs i ty  i s  maximized a t  in te rm e d ia te  le v e ls  o f d is tu rbance . A major
im p lic a tio n  of d is tu rb an ce  s tu d ie s  in  in t e r t i d a l  com m unities i s  th a t  
m osaic p a t te rn s  o f sp ec ie s  d i s t r ib u t io n  may be a t t r ib u te d  to  th e  
in flu en ce  o f b io lo g ic a l in te ra c t io n s  (predation , com petition) among 
s u i te s  o f sp e c ie s  t h a t  have co lon ized  d is tu rb an ce-g en era ted  p a tches 
(Dayton, 1971; Levin and Paine , 1974; Sousa, 1979; Paine and Levin, 
1981; D eth ier, 1984).
Less i s  known about how d is tu rb an ce  a f f e c t s  community s t r u c tu r e  in  
th e  s u b tid a l  zone, p a r t i c u la r ly  in  co ld  tem perate  and su b a rc tic  reg ions 
(reviewed in  Connell and Keough, 1984). As a  group, echinoderms a r e  
probably th e  m ost s ig n if ic a n t  agen ts  of b io lo g ic a l d is tu rb an ce  in  h ard  
s u b s tra te  su b tid a l com munities. For example, se a  u rch ins  cause 
c a ta s tro p h ic  changes in  th e  s t a t e  of b en th ic  ecosystem s by transfo rm ing  
p roductive  k e lp  com m unities in to  b a rren  grounds dom inated by en c ru stin g  
c o ra l l in e  a lgae  (K itching and Ebling, 1961; L eighton f i t  a L . 1966;
Jones and Kain, 1967; Paine and Vadas, 1969; P earse  f i t  a l . .  1970; 
Himmelman and S te e le , 1971; Dayton, 1975; Breen and Mann, 1976; Forman, 
1977; P earse  and Hines, 1979; Duggins, 1980; Hagen, 1983; review ed in  
Lawrence, 1975). A m ajor excep tio n  occurs in  C hilean ke lp  f o r e s ts  
where sea  u rch in  g razing  does n o t a f f e c t  k e lp  com m unities (Moreno and
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3Sutherland , 1982). In  a d d itio n  to  sea  u rch in s , th e  sea  s t a r s  A s te r ia s  
rubens and A s te r ia s  v u lg a r is  p lay  an  im p o rtan t d is tu rb an ce  ro le  in  
N orth A tla n tic  s u b tid a l com munities. Massive aggrega tions o f &  rubens 
(in  Europe) and v u lg a r is  ( in  N orth America) d e v a s ta te  ex ten siv e  
M vtilus e d u lis  beds in  th e  shallow  s u b tid a l  zone (Sloan and A ldridge, 
1981; personal observations). On P a c if ic  c o ra l re e fs , th e  crown of 
th o rn s  sea  s t a r  A canthaster p la n c i causes ra d ic a l  changes in  community 
s tru c tu re  t y  sev e re ly  g razing  v a s t  t r a c t s  o f  c o ra l (Chesher, 1969; 
Endean, 1973). In  perhaps th e  m ost com plete in v e s t ig a t io n  o f 
b io lo g ic a l d is tu rb an ce  in  a ry  tem perate  su b tid a l community to  d a te , 
jy l in g  (1981) evalua ted  th e  d is tu rb a n ce  ro le s  of f is h ,  gastropods, sea  
u rch in s, and sponge d isea se  in  en c ru s tin g  com m unities in  n o rth e rn  New 
Zealand. Hie e f f e c t  of sea  u rch in  g razing , which was ranked a s  th e  
most im portan t source o f d is tu rb an ce , was to  c le a r  p a tch es  o f f r e e  
space in  sponge-ascid ian  assem blages en c ru s tin g  s u b tid a l rock su rfaces . 
Ay lin g  (1981) and Sebens (1984b) found t h a t  th e  sp ec ies  d iv e rs i ty  o f 
su b tid a l e n c ru s tin g  in v e r te b ra te s  was h ig h e s t a t  in te rm e d ia te  le v e ls  of 
d is tu rb an ce .
A s e s s i l e  organism th a t  de term ines much of th e  s t r u c tu re  of 
su b tid a l com m unities on both  s id e s  o f th e  North A tla n tic  Ocean i s  th e  
horse m ussel, Modiolus modiolus. E s s e n tia lly  a  su b tid a l sp ec ies, 
Modiolus c re a te s  p h y s ica lly  complex ag g rega tions on a  w ide range o f 
hard  s u b s tra ta  in c lud ing  s o l id  rock, boulder and g ravel f lo o rs ,  and 
c lay  pavements from  th e  low i n t e r t i d a l  zone to  a  depth o f 280 m eters 
(Peterson, 1913; Shelfo rd , 1935; Spark, 1935; Wiborg, 1946; Rowell, 
1967; R oberts, 1975; Comely, 1978). Early on, P e te rsen  (1913, 1918) 
recognized th a t  Modiolus beds supported  a  r ic h  community o f m arine
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4in v e r te b ra te s . Thorson (1971) s ta te d  th a t  th e  Modiolus community was 
”...  a s  f a r  a s  sp e c ie s  a re  concerned, th e  m ost lu x u r ia n t  so c ie ty  th e se  
seas (co ld -tem pera te  n o r th e a s t A tla n tic )  can o ffe r ."  Ohe sp e c ie s  
com position o f Modiolus com m unities have n o t been q u a n t i ta t iv e ly  
d escribed , even though &  m odiolus form s th e  b a s is  o f a  m ajor N orth 
A tla n tic  su b tid a l community. Q u a li ta tiv e  d e s c r ip tio n s  o f Modiolus 
com m unities have been pub lished  by R oberts (1975), Hiscock and M itch e ll 
(1980), and Comely (1981), Warwick and Davies (1977) sampled Modiolus 
com m unities in  th e  B r is to l  Channel, England w ith  a  bottom grab, 
however, they  adopted a  lo o se  d e f in i t io n  o f th e  community a s  < 20% of 
th e i r  sam ples inc luded  Modiolus. Ohe lack  o f in fo rm atio n  on th e  
ecology o f s u b tid a l Modiolus com m unities r e f l e c t s  th e  gen era l absence 
o f in fo rm atio n  on th e  eco lo g ic a l ro le s  o f m ussels in  s u b tid a l 
com munities. In  one o f th e  few eco lo g ica l in v e s t ig a t io n s  o f su b tid a l 
m ussel beds, Paine (1976) documented th e  depth  and s iz e  d is t r ib u t io n  o f 
M ytilus c a l ifo m ia n u s  and observed th a t  a  sp ec ie s  r ic h  community was 
a s so c ia te d  w ith  th e  s u b tid a l m ussel beds.
In  t h i s  ch ap te r, I  examine th e  s tru c tu re  and dynamics o f s u b tid a l 
com m unities l iv in g  on upper rock su rfa c e s  a t  th e  I s l e s  o f Shoals, New 
Hampshire; F i r s t ,  I  d e sc rib e  v a r ia t io n  in  community s t ru c tu re  between 
depths (8, 18, and 30 m) and h a b i ta ts  ( in s id e  and o u ts id e  Modiolus 
beds). Gy conducting c o n tro lle d  f i e l d  experim ents and documenting th e  
r e s u l t s  of a  la rg e , n a tu ra l g raz ing  experim ent, I  th en  dem onstrate th a t  
s u b tid a l m ussel beds modify community s tru c tu re  by b u ffe rin g  th e  im pact 
o f both types o f b io lo g ic a l d is tu rb an ce  (p redation  and grazing ; Dayton, 
1971). Long-term photographic m onitoring  techn iques  have enabled me to  
show th a t  Modiolus beds a t  a l l  depths p e rs is te d  fo r  > 5 y e a rs , and th a t
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shallow  m ussel beds r e s is te d  a  la rg e  overgrazing d is tu rb an ce . Die 
e f fe c tiv e n e ss  o f  Modiolus beds a s  re fuges  i s  r e la te d  t o  t h e i r  
p e rs is te n c e , and th e i r  a b i l i t y  t o  r e s i s t  th e  b io t ic  d is tu rb in g  fo rc e s  
which la rg e ly  determ ine th e  d i s t r ib u t io n  and abundance o f o th e r  b en th ic  
organism s on upper rock su rfaces .
I
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METHCDS
Study Area and Sampling Methods
T his s tu d /  was conducted a t  th re e  su b tid a l s i t e s  o f f  th e  so u th eas t 
c o m er o f S ta r  Is la n d , a t  th e  I s le s  o f Shoals, NH (42o58,30"N:70°37,W; 
Fig. 1). The s i t e s  a re  lo c a te d  on th e  m ost exposed s id e  o f th e  is la n d  
(Kingsbury, 1976) and a re  im pacted by oceanic sw e lls  o r ig in a tin g  from 
n o rth e a s t, so u th eas t, and southw est sec to rs . Wave h e ig h ts  range from 
.5 t o  2 m in  summer and from  .5 to  7 m in  w in te r  (personal 
o b servations). Three s i t e s ,  which a re  d escribed  in  H ulbert (1980), 
w ere e s ta b lis h e d  a t  depths o f 8, 18, and 30 m eters below mean low w ater 
on a  s lop ing  s h e lf  composed o f g r a n i t ic  gne iss . The bottom  topography 
i s  heterogeneous w ith  la rg e  a rea s  o f rock d is se c te d  by sm all cracks and 
c rev ices . Of p a r t ic u la r  in t e r e s t  h e re  i s  th e  occurrence o f dense 
ag g rega tions o f  Modiolus modiolus on upper rock su rfa c e s  throughout th e  
s tu d /  a rea  (Witman, 1980; &  modiolus abundance in  Chapter 2).
A ll sam pling and experim en ta tion  was c a r r ie d  o u t j j i  s i t u  using  
SCCBA. D isru p tiv e  sam pling techn iques w ere used to  q u a n tify  th e  
sp e c ie s  com position o f m u ltisp e c ie s  assem blages l iv in g  on upper rock 
su rfa c e s  in s id e  and o u ts id e  Modiolus beds. At each of th re e  dep ths (8, 
18, and 30 m eters) a  0.25 m  ^ q u ad ra t was randomly dropped on to  th e  
substratum . A ll organism s w ith in  th e  q u ad ra t w ere removed by scrap ing  
w ith  a  p u tty  k n ife  and sim ultaneously  vacuuming w ith  an  a i r l i f t .  
Organisms w ere sucked in to  a  nylon bag (0.5 mm mesh s ize ) a t  th e  end of 
th e  a i r l i f t .  This procedure was repea ted  u n t i l  5 sam ples were 
c o lle c te d  from Modiolus aggregations and 5 sam ples w ere c o lle c te d  on
6
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th e  subetratum  o u ts id e  th e  m ussel ag g rega tions fo r  a  t o t a l  of te n  0.25 
m2 samples per depth ( th i r ty  0.25 m? q u ad ra ts  o v e ra l l  dep ths; 7.5 m2 
to t a l  sampling a rea). D isru p tiv e  sam pling was com pleted w ith in  1 
season; sp rin g , 1979. Samples w ere preserved  in  10% b u ffe red  fo rm a lin  
and so r te d  under a  d is s e c tin g  m icroscope to  ensu re  th a t  sm all specim ens 
were n o t overlooked. With th e  ex cep tion  o f  fo ra m in ife ra  and nematodes, 
a l l  in v e r te b ra te s  w ere id e n t i f i e d  to  sp ec ie s  and counted.
In  o rd e r to  determ ine th e  ap p ro p ria te  q u ad ra t s iz e  fo r  sam pling, a  
s e r ie s  o f a i r l i f t  sam ples o f p ro g re ss iv e ly  la rg e r  s iz e s  w ere c o lle c te d  
from Modiolus beds and analyzed fo r  sp ec ie s  rich n ess . The fo llo w in g  5 
q u ad ra t s iz e s  w ere used: 156 cm2, 625 cm2, 1600 cm2, 2500 cm2, and 
5000 cm^. sp ec ie s  r ich n e ss  (the  t o t a l  number of species) and a re a  were 
re la te d  as :
S = -1 1 .8 1  + 10.28 In  A
where S = sp ec ie s  r ich n e ss  and A = q u ad ra t a re a  in  cm2, and R2 = 0.96. 
A p lo t  o f sp ec ie s  r ic h n e ss  vs. q u ad ra t a re a  revealed  th a t  th e  asym ptote 
occurred  between 1600 and 2500 cm2, in d ic a tin g  th a t  each 0.25 m2 sample 
was n ear lo c a l sp ec ie s  s a tu ra t io n . This was e v id en t when doubling th e  
q u ad ra t s iz e  (from 2500 cm2 to  5000 cm2) added on ly  3 sp ec ie s  (S = 70 
a t  2500 cm2; S = 73 a t  5000 cm2). Consequently, th e  sam ples provided 
an adequate b a s is  fo r  com parisons o f sp e c ie s  r ich n e ss  between h a b i ta ts .
M u ltiv a r ia te  A nalysis
C lu ste r a n a ly s is  was used t o  c la s s i fy  sp e c ie s  in to  groups o f 
sp ec ie s  w ith  s im i la r  p a t te rn s  o f d i s t r i b u t io a  Species d e n s ity  d a ta  
were in p u t a s  a  two way d a ta  m a tr ix  c o n s is tin g  o f 80 sp ec ie s  (rows) X 
30 sam ples (columns) in to  th e  CLUSEAN 2.1 computer program (W ishart,
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1982). The m a trix  analyzed was a  su b se t o f th e  o r ig in a l  d a ta  m a trix  
which contained 171 in v e rte b ra te  sp ec ies . 91 sp e c ie s  w ere excluded 
from  th e  a n a ly s is  because they  occurred  in  < 3 o u t o f 10 sam ples per 
depth. Bare sp ec ie s  a r e  commonly d e le te d  frcm  la rg e  d a ta  s e t s  p r io r  to  
c lu s te r  a n a ly s is  because th e i r  co-occurrence i s  p r im a r ily  due to  chance 
ra th e r  than  s im i la r  h a b i ta t  requ irem en ts  (Boeschf 1977:12). Because 
en c ru s tin g  bryozoans and m acroalgae fragm ented during  th e  sam pling 
p rocess, d i s t i n c t  in d iv id u a ls  could n o t be recognized. Therefore, 
th e se  ta x a  w ere excluded frcm  c lu s te r  a n a ly s is  b u t w ere inc luded  in  
c a lc u la tio n s  o f sp ec ie s  rich n ess . &  m odiolus was o m itted  from th e  
a n a ly s is  to  avoid b ia s in g  th e  c a lc u la tio n  o f  i n t e r - e n t i ty  s im i la r i t i e s .  
D e n s itie s  ranged from 0 to  2164 in d iv id u a ls /0 .2 5  m2. I t  was ev id en t 
th a t  u n le ss  th e  d a ta  were transform ed , th e  c lu s te r in g  o f th e  l e s s  
abundant sp ec ie s  would be obscured by th e  dominant sp e c ie s  c lu s te r s .  
Consequently, th e  d a ta  w ere sq u a re -ro o t transform ed  p r io r  t o  a n a ly s is  
t o  e lim in a te  th e  e f f e c t  o f overwhelming dominance by very  abundant 
sp e c ie s  (Gauch, 1982:22).
The a n a ly t ic a l  procedure c o n s is te d  o f th e  fo llo w in g  two s te p s :
(1) product moment c o r re la t io n  c o e f f ic ie n ts  w ere c a lc u la te d  t o  
determ ine th e  le v e l  o f s im i la r i ty  in  a l l  p o ss ib le  com binations o f 
e n t i t i e s  in  th e  d a ta  m a trix ; (2) a  group average lin k ag e  a lg o r i th m  
co n stru c ted  a  dendrogram. In  com bination, th e se  techn iques provided an 
o b je c tiv e  b a s is  fo r  re v ea lin g  p a t te rn s  o f community s tru c tu re .  Product 
moment c o r re la t io n  was s e le c te d  in  p refe ren ce  t o  o th e r  s im i la r i ty  
m easures because i t  p rov ides an  o b je c tiv e  c r i t e r io n  fo r  decid ing  which 
c lu s te r s  a re  s im ila r .  With t h i s  techn ique, c o e f f ic ie n ts  a re  
co n stra in ed  betw een -1  and + 1, w ith  -1  rep re sen tin g  com plete
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9d is s im i la r i ty  and +1 rep re sen tin g  ccm plete s im i la r i ty .  C lu s te rs  lin k ed  
a t  p o s i t iv e  non-zero  v a lu es  a r e  considered  s im i la r  (Bush, 1980;
Humphrey itfc a L . 1983). Group average lin k ag e  i s  h ie ra rc h ic a l  and 
agglom erative. I t  was chosen because i t  m inim izes th e  d is to r t io n  o f 
in te r - e n t i ty  re la t io n s h ip s  in  th e  o r ig in a l  s im i la r i ty  m a trix  du ring  th e  
co n s tru c tio n  o f th e  dendrogram (Boesch, 1977:51).
P o s t-c lu s te r in g  s t a t i s t i c s  were perform ed t o  id e n t ify  th e  common 
d is t r ib u t io n  p a t te rn  among members o f a  c lu s te r .  For each sp ec ie s , 
two-way ANCVA was conducted to  a sse ss  th e  e f f e c t  of depth (8, 18, o r 30 
m) and h a b i ta t  ( in s id e  o r o u ts id e  Modiolus beds) on sp ec ie s  den sity . 
Means, s tan d ard  d e v ia tio n s , and s ig n if ic a n c e  le v e ls  a re  l i s t e d  in  
Appendix L  To e l im in a te  h e te ro sc e d a s tic ity , th e  d a ta  w ere log  (x + 1) 
transform ed b e fo re  a n a ly s is . F-max t e s t s  (Sokal and Rohlf, 1969) were 
n o n -s ig n if ic a n t fo r  a l l  80 sp ec ie s , in d ic a tin g  th a t  th e  assum ptions of 
hom oscedastic ity  had n o t been v io la te d . Where th e  in te ra c t io n  o f depth 
and h a b i ta t  w ere n o n -s ig n if ic a n t, d if fe re n c e s  among depth  and h a b i ta t  
means w ere compared by a  Student-Newman-Keuls t e s t  (as in  Underwood, 
1981).
Predation Experiments
The hypothesis th a t  th e  Modiolus beds fu n c tio n  a s  a  s p a t i a l  refuge 
frcm p re d a tio n  was te s te d  fo r  a  s e le c te d  group of in v e r te b ra te s  by 
c o n tro lle d  experim en ta tion  a t  th e  8 m s i t e  By d e f in i t io n , a  h a b i ta t  
re p re se n ts  a  s p a t ia l  refuge f o r  an organism i f  i t s  lik e lih o o d  of death  
i s  reduced by th e  h a b i ta t  s t ru c tu re  (Woodin, 1978). A ccordingly, th e  
experim ents d esc rib ed  below w ere designed to  m onitor th e  m o r ta li ty  
r a te s  o f in v e r te b ra te s  in s id e  and o u ts id e  Modiolus beds.
A la rg e  s te e l  rack  was co n stru c ted  to  hold  e ig h t  0.1 m  ^ p le x ig la s
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p a n e ls  The rack  was secured t o  th e  bottom  so th a t  i t  la y  f l a t  a g a in s t 
th e  substratum . B efore th e  experim ents began, m ussel beds w ere c re a te d  
on h a l f  o f th e  panels  by tra n sp la n tin g  10 l i v e  &  m odiolus to  each 
panel and allow ing  b y ssa l a ttachm en ts  t o  form. Thus, th e re  w ere two 
tre a tm e n ts ; p resence and absence of m ussel bed s tru c tu re . The gen era l 
experim ental procedure c o n s is te d  o f p lac in g  equal d e n s i t ie s  of 
in v e r te b ra te  prey in  th e  two tre a tm e n ts  and in  two 0.5 p redato r 
exc lu sio n  cages which served  a s  c o n tro ls . P red a tio n  a t ta c k s  were 
m onitored by d i r e c t  observ a tio n  and tim e -la p se  photography w ith  a  Nikon 
F2 motor d r iv e  cam era equipped w ith  a  250 exposure magazine and an 
in te rv o lo m eter. The n u l l  hypo thesis  o f no d if fe re n c e  in  th e  m o r ta li ty  
o f experim ental prey in s id e  and o u ts id e  m ussel beds w i l l  be re je c te d  i f  
dea th s by p red a tio n  d i f f e r  between trea tm en ts .
Three sp ec ie s  o f in v e r te b ra te s  w ere se le c te d  a s  prey because they 
a re  norm ally very  abundant in s id e  Modiolus aggregations (Appendix 1). 
They w ere th e  b iv a lv e  H ia te l la  a r c t ic a ,  th e  ophiuro id  Qphiopholis 
a c u lea ta , and th e  sea  u rch in  S tro nqv locen tro tu s d roebach iensis. Data 
on th e  p o p u la tio n  s tru c tu re  o f th e se  3 sp ec ie s  was u t i l i z e d  to  s e le c t  a  
range o f n a tu ra lly  occurring  s iz e s  and d e n s i t ie s  fo r  use  in  th e  
experim ents (Appendix 2). I t  was necessary  to  r e s t r i c t  th e  movement of 
th e  prey organism s so th a t  they  rem ained a t  p o s it io n s  in s id e  and 
o u ts id e  o f th e  m ussel beds. This was accom plished fo r  H ia te l la  a r c t ic a  
by g lu in g  sm all v e lc ro  pads (hooks) t o  th e  s h e l l s  o f l i v e  in d iv id u a ls  
and p lac in g  them on re c ip ro c a l v e lc ro  pads (rugs) on th e  p le x ig la s  
panels. P ieces o f v e lc ro  rugs w ere glued t o  each panel in  a  random 
p a t te rn  p r io r  t o  th e  i n i t i a t i o n  o f th e  experim ent. E igh t of th e  v e lc ro  
H ia te l la  w ere a tta c h e d  to  v e lc ro  rugs on each panel (fo r a  t o t a l  o f 32
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H ia te lla  pec trea tm en t). On th e  m ussel bed panels, v e lc ro  H ia te l la  
occupied p o s it io n s  a t  th e  base o f th e  aggregation , in  betw een th e  
m u sse ls  Itoo t r i a l s  were conducted w ith  &  a r c t ic a  prey. The f i r s t  
t r i a l  began on August 12, 1982 and was m onitored by d iv ing  a t  
approxim ately 4 hour in te r v a ls  fo r  a  29 hour period. T r ia l  2 began on 
September 30, 1982 and ran  fo r  32 hours. In  th e  second t r i a l ,  
p red a tio n  a t ta c k s  w ere m onitored by tim e la p se  photography.
Ih e  movement o f sea  u rch in s  was r e s t r ic te d  by te th e r in g  in d iv id u a l 
u rch ins to  an  ey eb o lt in  th e  ce n te r  o f each panel. T ethering  co n sis ted  
o f ty in g  f in e  m onofilam ent around th e  te s t .  F ive te th e re d  u rch in s  were 
t ie d  to  each pan e l (n = 20 per trea tm en t). Urchins moved f r e e ly  ac ro ss  
th e  panel bu t w ere prevented from leav in g  th e  experim ental h a b i ta t  by 
th e  m onofilam ent te th e r ;  The s iz e  o f th e  sea  u rch ins used in  th e  
experim ents (29 mm mean t e s t  d iam eter) corresponded t o  th e  prim ary mode 
of th e  s iz e  d is t r ib u t io n  of u rch in s  l iv in g  in  Modiolus beds a t  8 m (20 
to  30 mm). An a d d itio n a l 40 sea  u rch in s  were te th e re d  to  8 panels  and 
p laced in s id e  p red a to r exc lu sio n  cages to  serv e  as  c o n tro ls . R ates of 
p red a tio n  on £. d roebach iensis  were slow er than  on fl. a r c t i c a  and Q .  
acu lea ta . so  th e  su rv iv a l o f sea  u rch in s  was m onitored by d iv in g  a t  
approxim ately 6 hour in te rv a ls  fo r  45 hours. The sea  u rch in  t r i a l  
began on October 2, 1982.
I n i t i a l  a ttem p ts  t o  te th e r  Q , a c u le a ta  by ty ing  m onofilam ent 
around th e  c e n tra l  d is c  f a i l e d  because th e  oph iu ro ids escaped. 
Consequently, ophiuro ids w ere sewn and t i e d  to  sm all le ad  s in k e rs  w ith  
f in e  monofilament. Ihe  ab o ra l su rfa c e  of th e  d is c  was p ie rc ed  w ith  a  
f in e  need le  which was passed through th e  mouth so t h a t  a  knot could  be 
t i e d  around th e  d isc . None of th e  te th e re d  oph iu ro ids d ied  a s  a  r e s u l t
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o f t h i s  p rocedure  A se p a ra te  experim ent was conducted to  t e s t  th e  
hypo thesis th a t  p ie rc ed  oph iu ro ids in c u rre d  a r t i f i c i a l l y  high p re d a tio n  
r a te s  due to  th e  a t t r a c t io n  c£ chemosensory p red a to rs . In  t h i s  
experim ent, 2 s e t s  o f  6 s in k e rs  w ith  4 te th e re d  oph iu ro ids p e r  s in k e r  
w ere p laced  on th e  bottom. One s e t  o f oph iu ro id s was su tu red  a s  above 
and th e  o th e r group o f  oph iuro ids was su c c e ss fu lly  te th e re d  by double 
ty in g  each oph iu ro id  w ith  two le n g th s  o f m onofilam ent (very lab o rio u s). 
The two tre a tm e n t s e t s  (p ierced  vs. non-p ierced  ophiuro ids) were 6 m 
a p a r t  and Q . a c u le a ta  s u rv iv a l was m onitored by div ing .
The design  o f  th e  Q , a c u le a ta  experim ents d if f e re d  from th e  
experim ents w ith  fi. a r c t ic a  and &  droebach iensis. in s te a d  of p lac in g  
prey on p an e ls , te th e re d  oph iu ro ids w ere p laced  in s id e  and o u ts id e  a  
n a tu ra l &  m odiolus bed. S ix s in k e rs  w ith  4 Q phiopholis a tta c h e d  to  
each s in k e r w ere p laced  in  between m ussels in  th e  e s ta b lish e d  m ussel 
bed and ano ther 6 s in k e rs  w ere p laced  on th e  substra tum  o u ts id e  th e  bed 
(1 m away). The tim e  la p se  cam era was focused on th e  m ussel bed and 
th e  oph iu ro ids on th e  substratum . Ehotographs were taken  a t  5 min 
in te r v a ls  during  th e  two t r i a l s .  T r ia l  1 began a t  n ig h t on O ctober 6, 
1982 and continued f o r  8.5 hours. In  c o n tra s t ,  t r i a l  2 began during  
th e  day on October 7 , 1982. A fte r 6 hours, th e  second t r i a l  was 
te rm in a ted  due t o  a  n o rth e a s t storm .
Band tra n s e c ts  w ere used t o  determ ine th e  d e n s i t ie s  o f p re d a to rs  
norm ally  p re se n t in  th e  v ic in i ty  o f th e  8 m s i t e  where th e  p red a tio n  
refuge experim ents w ere conducted. A 25 m tr a n s e c t  l i n e  was randomly 
dropped onto  th e  substra tum  and a l l  p redato ry  f i s h  and in v e r te b ra te s  
w ith in  a i m  band on one s id e  o f th e  l i n e  w ere counted. To e v a lu a te  
d ie l  and seasonal v a r ia t io n  in  p red a to r abundance, 3 r e p l ic a te
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t r a n s e c ts  w ere conducted du ring  th e  day and n ig h t in  September, 1982 
and February, 1983.
M u ltisp ec ies  assem blages a t  th e  8 m study  s i t e  w ere r a d ic a l ly
I1
a l te r e d  when a  dense f ro n t  o f la rg e  S tro n g y lo cen tro tu s  d roebach iensis  
(46.3 mm mean t e s t  d iam ete r, 70 in d iv id u a ls /0 .2 5  m  ^ maximum d ensity ) 
advanced in to  th e  study a re a  in  December, 1981 (Witraan <§£ a l . .  1982). 
This served  a s  a  la rg e , n a tu ra l experim ent in  which t o  ev a lu a te  th e  
hypo thesis  t h a t  th e  Modiolus beds p rov ide a  refuge from  overgrazing  by 
sea  u rc h in s  The abundance and d i s t r ib u t io n  o f b e n th ic  in v e r te b ra te s  
and m acroalgae was q u a n tif ie d  in  A p ril, 1979 when t h i s  s i t e  was a  
la m in a ria n  a lg a l  f o r e s t .  At t h i s  tim e, th e  k e lp s  L am inaria d jg i t a t a  
and L am inaria sacch a rin a  formed a  canopy 1-2 m above a  dense understo ry  
o f red  algae. During A p ril, 1982 which was 1 month a f t e r  th e  k e lp  
f o r e s t  had been transfo rm ed  in to  an  u rch in  b a rren s  (sensu Pearse e t  
a L . 1970), th e  com m unities w ere re-sam pled  using  th e  same techn iques 
a s  in  1979. As b efo re , f iv e  0.25 m? q u ad ra ts  w ere a i r l i f t e d  in s id e  and 
o u ts id e  Modiolus beds (10 sam ples o v e ra l l ,  2.5 m^ t o t a l  sam pling a rea ), 
and th e  sam ples w ere p rocessed  in  th e  lab . Because th e  1979 sam ples 
w ere c o lle c te d  b efo re  overgrazing  by u rch in s  occurred , i t  was assumed 
th a t  d if fe re n c e s  i n  sp e c ie s  com position  betw een th e  1979 and 1982 
sam ples were p r im a r ily  due to  u rch in  g raz in g  e f f e c ts .  A fte r th e  
d is tu rb an ce  even t, c a re  was tak en  t o  sam ple in  th e  same month a s  befo re  
(A pril), to  m it ig a te  a g a in s t th e  e f f e c t  o f s e a so n a lity  on sp e c ie s  
com position.
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Q u a n tita tiv e  com parisons o f com munities b e fo re  and a f t e r  u rch in  
d is tu rb an ce  w ere made by c lu s te r  a n a ly s is  and by c a lc u la tin g  sp e c ie s  
d iv e rs i ty  in d ices . Species d e n s ity  d a ta  were e n te re d  in to  th e  CLUSTAN 
2.1 computer program (W ishart, 1982) a s  a  m a tr ix  o f 20 rows (samples) x 
74 columns (species). H alf o f th e  rows rep resen ted  sam ples from  1979; 
th e  o th e r h a l f  w ere 1982 sam ples. The d a ta  w ere reduced and transfo rm ed  
p r io r  to  a n a ly s is  by th e  same methods d escribed  p rev iously . Product 
moment c o r re la t io n  and group average lin k ag e  w ere perform ed. This 
tim e , however, sam ples w ere c lu s te re d  based on th e  s im i la r i ty  o f th e i r  
faunas (Boesch, 1977). Two m easures o f sp ec ie s  d iv e rs i ty  w ere used;
(1) th e  Shannon Wiener in fo rm atio n  theory  index (H‘) w ith  th e  evenness 
component (J*) and; (2) sp e c ie s  r ic h n e ss  (S). Shannon Wiener and 
evenness in d ic e s  w ere c a lc u la te d  u sing  n a tu ra l lo g s  according to  th e  
form ulas in  P ie lou  (1974:290, 301). Species r ic h n e ss  re p re se n ts  th e  
t o t a l  number o f sp e c ie s  in  th e  community. This index has th e  advantage 
o f being  in tu i t iv e ly  sim ple , and may be a  b e t te r  in d ic a to r  of 
b io lo g ic a l change th an  H* (Green, 1977).
The sp ec ie s  from 8 m depths w ere c l a s s i f i e d  in to  fou r fu n c tio n a l 
groups; u p r ig h t a lgae , in fauna , ep ifauna, and m obile fauna (Appendix 1 
and 3). The in te r p r e ta t io n  o f th e  e f f e c t  of overgrazing  on community 
s t ru c tu re  was f a c i l i t a t e d  by making com parisons w ith in  fu n c tio n a l 
groups b efo re  and a f t e r  u rch in  d is tu rb an ce . U pright a lg ae  included  
fo l io s e ,  f ilam en to u s, and s h e e t- l ik e  m acroalgae. Infauna w ere defined  
a s  sp ec ie s  l iv in g  i n  sed im ents o r  c ry p tic  h a b i ta ts ,  w h ile  m obile fauna 
w ere those sp e c ie s  th a t  moved f r e e ly  throughout th e  m ussel aggregation . 
Epifauna w ere a tta ch e d  t o  m ussels o r rock s u b s t r a ta  a t  th e  tim e  of 
sampling.
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Monitored MusseLBeds 
I t  was p o s s ib le  t o  determ ine th e  p e rs is te n c e  o f in d iv id u a l 
Modiolus beds a t  d i f f e r e n t  depths by long-term  photographic m onitoring, 
underw ater epoxy was spread  o n to  th e  rock substratum  a t  4 co rn ers  o f  a 
0.25 m2 p lo t  around Modiolus beds in  January , 1979. Pour m ussel beds 
w ere m onitored a t  each o f th re e  dep ths (8, 18, and 30 m; n = 12 o v e ra ll 
depths). The epoxy marks served a s  alignm ent guides fo r  a  f ix e d  
aluminum cam era fram e (quadrapod) s p e c ia l ly  designed fo r  th e  
photography o f  0.25 m2 q uad ra ts. A Nikonos camera w ith  a  15 mm wide 
an g le  le n s  and tw o e le c tro n ic  s tro b e s  w ere mounted on th e  frame.
Marked m ussel beds w ere photographed 3 to  6 tim es per y ea r f o r  5 y ears . 
M ussels w ere e a s i ly  counted from th e  photographs; in d iv id u a l m ussels 
could be id e n t i f i e d  by s p e c if ic  p a t te rn s  of c ru s to se  c o ra l l in e  algae 
en c ru s tin g  th e  s h e l l s  as  w e ll as  by th e i r  s p a t ia l  p o s itio n  w ith in  th e  
bed. None o f th e  m ussels em igrated  from th e  m onitored beds. Each tim e 
th a t  th e  beds w ere photographed (and on many o th e r dives) n o te s  were 
tak en  on th e  s p e c if ic  sou rces o f m o r ta li ty  a f fe c t in g  m ussels in  th e  
m onitored beds. In  con junction  w ith  th e  photographs, th ese  
o b servations  enabled th re e  sou rces of m o rta li ty  to  be d if f e r e n t ia te d :
(1) dislodgem ent c f  m ussels fo llo w in g  overgrow th by la m in arian  a lgae ;
(2) p red a tio n  by A s te r ia s  v u lg a r is : and (3) s h e ll  crush ing  p red a tio n  by 
crabe and lo b s te rs .  Ten p e rce n t o f th e  mussel dea ths could n o t be 
a t t r ib u te d  t o  a  s p e c if ic  source o f m o rta li ty . TWo unexplained 
ca te g o rie s  w ere (1) gaping m ussels and (2) disappearance o f in d iv id u a l 
m ussels. From th e  photographic reco rd , a d u lt  m o r ta li ty  r a te s  o f 
m odiolus w ere ca lcu la ted . R ecruitm ent of ju v e n ile  m ussels t o  each 
m onitored bed could be e s tim a ted  by th e  appearance of sm all m ussels.
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R ecru its  could be recognized in  th e  photographs only  a f t e r  they  had 
a t ta in e d  a  s iz e  o f 5 to  10 nun s h e l l  leng th .
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B enth ic Carcmunities
C lu s te r  a n a ly s is  sep a ra ted  th e  80 dom inant sp e c ie s  o f  b en th ic  
in v e r te b ra te s  in to  th re e  m ajor groups (Fig. 2). The sp e c ie s  
com position  o f th e se  th re e  groups i s  l i s t e d  i n  Appendix L  TWO way 
a n a ly s is  o f v a ria n c e  in d ic a te d  t h a t  th e re  was a  s ig n if ic a n t  e f f e c t  o f 
depth  and h a b i ta t  on th e  d i s t r ib u t io n  o f a l l  sp e c ie s  in  groups A, B, 
and C (Appendix 1).
Group A c o n s is ts  o f sp ec ie s  t h a t  a re  m ost abundant a t  30 m depth  
o u ts id e  th e  m ussel beds (Fig. 3). In  te rm s o f bo th  number o f sp e c ie s  
and number o f in d iv id u a ls . Group A i s  dom inated by gammarid amphipods. 
Most o f th e  h a b i ta t  s t r u c tu re  in  t h i s  community i s  c rea ted  by th e  
num erica lly  dom inant gammarid, P h o tis  macrocoxa, which c o n s tru c ts  a  
m a trix  o f tu b es  on th e  rock su rface . The m ost abundant en c ru s tin g  
in v e r te b ra te s  a re  a  demosponge P o lym astia  in f ra o i lo s a .  an o c to co ra l 
C la v u la ria  modesta. and th e  a s c id ia n s  <3re&QSQRa  maclggyanum and 
Polvcaroa f ib ro sa . The in te r a c t io n  o f depth  and h a b i ta t  f a c to r s  in  
2-way 2NCVA was s ig n if ic a n t  fo r  a l l  b u t 8 sp ec ie s . The r e s u l t s  o f 
Student-Newman-Keuls t e s t s  on th e se  8 sp ec ie s  in d ic a te d  th a t  they  w ere 
s ig n if ic a n t ly  more abundant o u ts id e  th e  m ussel beds a t  30 m (Appendix 
1).
Group B c o n ta in s  th e  m ost u b iq u ito u s ly  d is t r ib u te d  sp ec ie s  which 
a t t a i n  maximum d e n s i t ie s  o u ts id e  th e  m ussel bed a t  e i th e r  8 o r  18 m 
depth. This i s  supported  by SNR t e s t s  conducted on th e  14 sp ec ie s  
where th e  in te r a c t io n  term  in  2-way ANCVA was n o n -s ig n if ic a n t; th e se
17
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sp ec ie s  w ere s ig n if ic a n t ly  more abundant o u ts id e  m ussel beds (Appendix 
1). W ith in  t h i s  assem blage o f 27 sp ec ie s , po lychaetes  and amphipods 
had h igh  sp e c ie s  r ich n e ss  (8 and 7 sp e c ie s , re sp ec tiv e ly ). Ohe th re e  
most abundant sp e c ie s  in  group B a r e  th e  amphipods Ischyrocerus 
anewipes and Pontoaenia jn g n n i i ,  and th e  herb ivorous gastropod Lacuna 
v in c ta . A ll o f th e se  dom inants in h a b it  m acroscopic a lg a e  o u ts id e  th e  
m u sse l b ed s  a t  8 o r  18 m (F ig . 3).
Members o f  group C a r e  a l l  m ost abundant w ith in  th e  m ussel beds a t  
e i th e r  8, 18, o r 30 m depth  (Appendix 1, F ig. 3). Consequently, group 
C i s  d es ig n a ted  th e  Modiolus community. I t  i s  n um erica lly  dom inated by 
th e  o ph iu ro id  Q phiopholis a c u le a ta . which l iv e s  between m ussels a t  th e  
base o f th e  aggregation . O ther n um erica lly  im portan t fauna in h a b itin g  
th e  base o f th e  m ussel m a tr ix  in c lu d e  th e  po lychaetes  C is ten id es  
g ran u la ta . N a in ere is  guadracuspida, A m Phitrite  c i r r a t a .  Amph i t Kj t e 
io h n sto n i. and th e  h i a t e l l i d  b iv a lv e  H ia te l la  a r c t ic a .  & 
d roebach iensis  was abundant in  th e  upper p o rtio n  o f th e  m ussel m atrix . 
SNK t e s t s  conducted on th e  13 sp e c ie s  w ith o u t s ig n if ic a n t  in te ra c t io n  
te rm s in d ic a te d  th a t  th e  mean d e n s i t ie s  o f a l l  th e se  ta x a  w ere 
s ig n if ic a n t ly  h ig h e r in s id e  th e  m ussel beds than  on th e  substra tum  
o u ts id e  th e  m ussel beds (Appendix 1). Although a l l  23 sp e c ie s  in  group 
C a re  m ost abundant in  m ussel bed h a b i ta ts ,  th e  m a jo rity  o f th e se  
sp ec ie s  (18) a re  eu ry top ic . (The 5 sp ec ie s  th a t  occurred  only  in s id e  
Modiolus beds w ere th e  po lych ae tes  C is te n id es  g ra nula ta ,  Wyxic o la  
infundibulum . and Brada qranosa. and th e  h o lo thu ro id s  Cucumaria 
frondosa and C h irid o ta  la e v is . One way ANCVA was perform ed on log  (x + 
1) transfo rm ed  d a ta  to  compare mean d e n s i t ie s  o f in fau n a l in v e r te b ra te s  
in s id e  and o u ts id e  th e  m ussel beds. Table 1 shows th a t  th e re  were
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s ig n if ic a n t ly  h igher d e n s i t ie s  o f in fauna in  th e  m ussel beds than  on 
th e  substra tum  o u ts id e  th e  beds a t  each depth.
P red a tio n  Experiments 
TWO c h a r a c te r i s t ic s  o f Modiolus community s tru c tu re  a re : (1) an
assem blage o f  23 sp e c ie s  i s  m ost abundant in  th e  m ussel beds and (2) 
o v e ra l l  d e n s i t ie s  o f in fau n a l organism s a re  h igher in  Modiolus beds 
th an  elsew here. F ive p red a tio n  experim ents were c a r r ie d  o u t to  search  
fo r  th e  mechanisms m ain ta in ing  th e se  p a t te rn s  o f community s tru c tu re .
The hypo thesis  te s te d  was th a t  th e  mussel bed 's s t ru c tu re  a c ts  a s  a  
b u ffe r  a g a in s t  th e  e f f e c t s  o f b io lo g ic a l d is tu rb an ce  by l im it in g  th e  
access o f m obile p re d a to rs  to  prey organism s re s id in g  in  th e  m ussel 
beds. I f  th e  m ussel beds a re  a  s p a t ia l  refuger th en  deaths from 
p red a tio n  should be low er in s id e  th e  beds.
H ia te l la  a r c t ic a :  T r ia l  1
P red a tio n  on fl. a r c t ic a  o u ts id e  th e  experim ental mussel beds was 
d ram atic  (Fig. 4). W ith in  an  hour, th re e  H ia te lla  o u ts id e  the  beds 
w ere consumed by p red a to rs . In  tw en ty -n ine  hours m obile p red a to rs  had consumed 
a i l  H ia te l la  o u ts id e  th e  mussel beds w h ile  only  two J3. a r c t ic a  in s id e  th e  
m ussel beds w ere eaten .
The p red a to r g u ild  c o n s is te d  o f  two crabs Cancer i r r o r a tu s  and 
Cancer fcficealiSf th e  lo b s te r  Homarus am ericanus. a  neogastropod 
Buccinum undatum, and th e  sea  s t a r  A s te r ia s  v u lg a r is . Most o f th e  
exposed H ia te l la  w ere ea ten  by Cancer b o re a l is  which foraged  
n o c tu rn a lly  as d id  a  am ericanus (Fig. 4). £ , undatum, v u lg a r is .  
and £ .  i r r o r a tu s  fe d  on H ia te lla  du ring  th e  day. &  a r c t ic a  o u ts id e  
th e  m ussel beds w ere d ev asta ted  by noctu rna l p red a tio n ; between 7:00 pm
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1 and 1:00 am, 21 exposed in d iv id u a ls  were consumed. Tfen of th e se  dea th s
I w ere w itn essed  during  th e  1 am dive . At t h i s  tim ef four la rg e  £ .
1 b o re a l is  were seen e a tin g  a  t o t a l  o f  9 H ia te lla  and 1 lo b s te r  was
I observed w ith  a  v e lc ro  H ia te l la  in  i t s  c ru sh er claw. The rem aining 11
j a t ta c k s  w ere n o t w itnessed . A ll t h a t  rem ained on th e  o u ts id e  panels
j w ere crushed H i a t e l l a  s h e l l s  and 10 v e lc ro  pads from th e  prey. I t  i s
j  suspected  th a t  th e  crushed s h e l l s  were th e  tradem ark o f crab  o r  lo b s te r
j p re d a tio n  s in ce  rock crabs and lo b s te r s  a re  known to  crush  b iv a lv e  and
sea  u rch in  prey  (ELner, 1980) and both  £. v u lg a r is  and &  undatum l e f t  
empty, in ta c t  s h e l l s  which w ere s t i l l  a ttach ed  t o  th e  panels  a f t e r  th e
' j
p red a tio n  event. The only  p red a to r  th a t  p en e tra ted  th e  mussel 
agg rega tion  was £ . v u lg a ris  which consumed tw o H ia te l la  (Fig. 4).
i H ia te l la  .a r c t ic a :  T r ia l  2
I; N ineteen hours o f th e  second H ia te l la  t r i a l  was m onitored by tim e
| la p se  photography to  fo llow  th e  sequence of p red a tio n  more d ir e c tly .
[I The cam era was p laced  2.5 m from th e  cen te r  of th e  experim ental a rray
|  so th a t  th e  e n t i r e  rack  could be photographed a t  10 m inute in te rv a ls .
|  Unlike th e  f i r s t  t r i a l  which was s ta r t e d  in  th e  morning, th e  second
I; t r i a l  was begun a t  n ight. This p e rm itted  d ie l  v a r ia t io n  in  th e
1 in te n s i ty  of p re d a tio n  t o  be evaluated .
I F igure 4 shows th a t ,  a s  in  t r i a l  1, deaths from p red a tio n  w ere
1 g re a te r  o u ts id e  th e  mussel beds. The cam era ran  ou t o f  f i lm  a f t e r  19
1 hours and 40 m inutes. Consequently, th e  su rv iv o rsh ip  of th e  rem aining
I  prey had to  be m onitored by d iv ing . Between 6:30 pm and 6:00 am, th e
I  l a s t  10 H ia te l la  o u ts id e  th e  m ussel beds were e a te a  As before,
I  crushed s h e l l s  w ere l e f t  on th e  p an e ls  im p lic a tin g  c rab  and o r lo b s te r
I  p redation . None o f th e  H ia te l la  in s id e  th e  m ussel beds were consumed
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during  th e  32 hour experim ent, th u s  th e  experim ental m ussel beds w ere 
a s  e f f e c t iv e  a s  th e  p red a to r ex c lu sio n  cages in  d e te r r in g  p re d a tio n  
(F ig . 4).
Crabs and lo b s te r s  accounted f o r  a l l  th e  p re d a tio n  d i r e c t ly  
observed in  t r i a l  2. The m a jo rity  o f  v e lc ro  H iatei la  (10) were ea ten  
by th re e  sm all lo b s te r s  which w ere d i f f e r e n t ia te d  on th e  b a s is  o f  t o t a l  
le n g th  (21, 17.5, 15 cm). £ . b o re a l is  was a lso  a  s ig n if ic a n t  p red a to r, 
consuming 8 o f th e  exposed H ia te lla .
D ata from th e  f i r s t  and second t r i a l s  w ere pooled to  ev a lu a te  d ie l  
v a r ia t io n  in  p red a tio n  in te n s ity .  This a n a ly s is  was p o ss ib le  because 
th e  hours o f d a y lig h t and darkness w ere approxim ately  eq u iv a len t (30 
h rs  day, 29.5 h r s  n ig h t). C hi-square a n a ly s is  in d ic a te d  th a t  p red a tio n  
m o r ta l i ty  was s ig n if ic a n t ly  h igher a t  n ig h t than  during  th e  day (x2 = 
28.8, 1 d f , p  < .005 w ith  Yates c o rre c tio n  fo r  sample s ize ).
S. droebach ie n s is  T r ia l
F ig u re  5 shows th a t  th e re  was a  s t r ik in g  d if fe re n c e  in  th e  
su rv iv o rsh ip  of u rch in s  in s id e  and o u ts id e  Modiolus beds, w ith in  44 
hours, a l l  exposed u rch in s  w ere consumed by crabs, cunner, and a  
lo b s te r . In  c o n tra s t ,  no u rch in s  w ere ea ten  in s id e  th e  m ussel beds or 
in  th e  c o n tro l cages.
There was some evidence o f a  tem poral p a t te rn  t o  p re d a tio n  on 
exposed urchins. With th e  excep tion  o f 1 a t ta c k  by £ .  i r r c ra tn g  during  
th e  day, crab  p re d a tio n  was g r e a te s t  a t  n ig h t because £ . hnrpai i g 
preyed on u rch in s  only a t  n igh t. During th e  day, th e  cunner, 
ikdgpersus was an  im portan t p red a to r, consuming s ix  u rch in s. The 
feed ing  behavior of cunner was observed on sev e ra l occasions.
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ty p ic a l ly ,  i t  co n s is te d  of an  i n i t i a l  s t r ik e  to  damage th e  u rch in  t e s t  
and expose th e  v is c e ra  which was subsequently  p icked  ou t. Hie only 
lo b s te r  a t ta c k  occurred  a t  m idn igh t when a  ju v e n ile  lo b s te r  was seen  
moving away from th e  experim en tal s i t e  w ith  tw o te th e re d  u rch in s  in  i t s  
claw.
H iere was no s ig n i f ic a n t  d if fe re n c e  between th e  number o f u rch in s  
preyed on a t  n ig h t and th e  number ea ten  d u ring  th e  day (x^ = 1.5, 1 d f, 
w ith  Y ates c o r re c t io n  fo r  sam ple s iz e ) .
Q phiopholis a c u le a ta : T r ia l  1
Although crabs and lo b s te r s  w ere p re s e n t 65 m inutes a f t e r  th e  
experim ent began, no Q phiopholis were a tta c k e d  u n t i l  3 hours l a t e r  when 
a  sm all lo b s te r  dragged away 4 te th e re d  oph iu ro id s from o u ts id e  th e  
m ussel beds (Fig. 6). L obste rs  continued to  prey on exposed oph iu ro id s  
throughout th e  n ig h t. By 2:15 am, a l l  bu t 2 &  a c u le a ta  had been 
consumed ty  th re e  d i f f e r e n t  lo b s te r s .  None o f th e  oph iu ro id s  in  th e  
m ussel beds w ere e a te n  throughout th e  10.5 hour experim ent.
. T rial 2
A second t r i a l  was i n i t i a t e d  during  th e  day. In  c o n tra s t  to  th e  
n ig h t t r i a l  w here lo b s te r s  accounted f o r  a l l  th e  p red a tio n  on 
Q phiopholis. a l l  of th e  daytim e p re d a tio n  was by w in te r  flounder, 
Pseudopleuronectes am ericanus (Fig. 6). Most o f th e  p red a tio n  was by a  
la rg e  flo u n d er (35 cm to t a l  leng th ) which continued t o  feed  on exposed 
Qphiopholis f o r  70 m inutes. Hie same flounder re tu rn ed  t o  in g e s t 
ano ther oph iuro id  b e fo re  a  d i f f e r e n t ,  sm a lle r  flo u n d er (20 cm to t a l  
leng th ) consumed 7 op h iu ro id s  te th e re d  t o  two s in k e rs . As in  th e  f i r s t  
t r i a l ,  no oph iu ro ids in  th e  Modiolus beds w ere consumed by p red a to rs .
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The r e s u l t s  o f th e  experim ent te s t in g  fo r  a r t i f a c t s  a sso c ia te d  
w ith  th e  method o f te th e r in g  Q phiopholis a re  p resen ted  in  Table 2. The 
r e s u l t  was th e  same fo r  p ie rc ed  and non-p ierced  in d iv id u a ls ; a l l  
ophiuro ids w ere ea te n  by morning. During th e  11:30 pm d ive , a  £ . 
b o re a l is  was seen  feed ing  on p ie rc ed  Q phiopholis and a  &  am ericanus 
was caught w ith  4 non-p ierced  oph iu ro ids in  i t s  claw. These r e s u l t s  
f a l s i f y  th e  hypo thesis  th a t  th e  in te n s i ty  o f p red a tio n  i s  h igher on 
p ie rced  &  acu lea ta .
V ir tu a l ly  a l l  prey organism s p laced  in  th e  experim ental mussel 
beds escaped p red a tio n  during  th e  5 refuge experim ents, c le a r ly  
supporting  th e  hypo thesis  th a t  th e  m ussel beds a re  p re d a tio n  refu g es  
fo r  th e  dominant sp e c ie s  o f th e  Modiolus community.
FjedatPJC_9b.undance 
Thble 3 shows d ie l  and seasonal v a r ia t io n  in  th e  abundance o f 
major p re d a to rs  in  th e  v ic in i ty  o f th e  experim ental s i t e  a t  8 m depth. 
The common f i s h  p re d a to rs  w ere th e  cunner, Tautogolabrus adsoersus. 
w in te r  flo u n d er, Pseudopleuronectes am ericanus. and po llock , P o llach iu s  
y i is n s ,  Eelpout, M acrozoaraces a jrie ju j^ u s , were p re se n t in  low 
d e n s i t ie s  and cod, Gadhus morhua. w ere ra re . With th e  excep tion  of 
ee lp o u t, a l l  f i s h  were seen  only  in  th e  summer tra n s e c ts . Eelpout w ere 
p re se n t throughout th e  year. During th e  summer, bo th  cunner and 
flounder were s ig n if ic a n t ly  more abundant du ring  th e  day th an  a t  n ig h t 
(Table 3). Pollock  showed th e  o p p o site  tren d , and w ere commonly 
observed feed ing  on p lan k to n ic  organism s a t  n igh t.
In  c o n tra s t ,  th e re  was no se a so n a lity  in  th e  abundance of 
in v e rte b ra te  p redato rs. M l o f th e  f iv e  m ajor p red a to rs ; A s te ria s  
v u lg a ris , Bi&cjnpjD undatum. Cancer i r r o r a tu s .  Cancer b o ie ^ lis ,  and
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Homarus am ericanus w ere p re se n t a t  th e  8 m study s i t e  during  th e  w in te r  
a s  w e ll a s  th e  summer. During th e  summer and w in te r  a l l  th re e  
cru stacean  p red a to rs , £ .  i r r o r a tu s .  £  b o re a lis ,  and £  am ericanus w ere
'j
s ig n if ic a n t ly  more abundant a t  n ig h t than  in  th e  day (Table 3). E -i
v u la a r is  and £ . undatum were p re se n t in  h igh d e n s it ie s ,  and showedj
j no s ig n if ic a n t  d ie l  o r seasonal v a r ia t io n  in  abundance.
i
| E ffe c t of. Sea Orchin D isturbance
1 j ^ ias_CaBj)9§itlQ P
The dendrogram in  Fig. 7 i s  th e  r e s u l t  o f perform ing c lu s te r  
a n a ly s is  on sam ples from th e  8 m community befo re  and a f t e r  i t  was 
overgrazed by sea  u rch ins. The a n a ly s is  designated  fou r m ajor groups,
j  Four Modiolus bed sam ples from b e fo re  u rch in  d is tu rb an ce  c lu s te re d  ou t
i to g e th e r along w ith  1 p re -d is tu rb a n ce  substratum  sam ple in  Group A.
s
Group B re p re se n ts  a  com bination o f  1 p re -d is tu rb an ce  and 4 p o st­
d is tu rb an ce  Modiolus bed sam ples. In  c o n tra s t  t o  th e  Modiolus sam ples,
| sam ples from th e  community on th e  substratum  o u ts id e  th e  mussel beds
sep ara ted  in to  d i s t i n c t  p re -d is tu rb a n ce  (Group C) and p o st-d is tu rb a n ce  
(Group D) c lu s te r s .  Group C re p re s e n ts  th e  in v e r te b ra te  community 
a sso c ia te d  w ith  th e  la m in arian  a lg a l  bed b e fo re  i t  was overgrazed by 
urchins. A ll sam ples from th e  u rch in  barrens c lu s te re d  o u t in  Group D 
which was c h a ra c te riz e d  by th e  h ig h e s t degree of in te rn a l  s im i la r i ty  
(samples lin k ed  a t  .30). This r e f l e c t s  th e  extrem e change in  community 
com position which was brought about by overgrazing. The in c lu s io n  of 
p re -  and p o s t d is tu rb an ce  sam ples in  Modiolus c lu s te r  B in d ic a te s  th a t  
u rch in  d is tu rb an ce  caused le s s  change in  sp ec ie s  com position in s id e  th e  
m ussel beds than  on th e  substratum  o u ts id e  th e  m ussel beds.
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Dominant Sp r igs
Rank a n a ly s is  (Fager, 1957) was used to  examine th e  e f f e c t  o f 
u rch in  d is tu rb an ce  on th e  sp e c ie s  com position o f  8 m com m unities in  
g r e a t e r  d e ta i l .
O utside Substratum  Community. Table 4A l i s t s  th e  to p  ranked 
sp ec ie s  b efo re  and a f te r  th e  d is tu rbance . B efore d is tu rb an ce , 
m u ltisp e c ie s  assem blages a s so c ia te d  w ith  th e  k e lp  beds w ere dominated 
fcy th e  herb ivorous gastropod  Lacuna v in c ta  Of th e  to p  10 ranked 
sp ec ie s , 6 a re  gammarid amphipods. A m a jo rity  of th e  dominant 
amphipods: Ischvrocerus anouipes. Corophium borel l i r Amplthoe. 
ru b r ic a ta . and J a s s a  f a lc a ta  a re  tube d w e lle rs  (B ousfield, 1973; 
Dickenson and W igley, 1981). Pontooenia in e rm is  i s  p e la g ic  and 
ep ib en th ic , w h ile  P leusym tes a la b e r  i s  e p ib en th ic  on h ard  s u b s tra ta  
(B ousfield, 1973). Of s ig n if ic a n t  n o te  a re  th e  h igh d e n s i t ie s  of 
herb ivo res (L> v in c ta . A. ru b r ic a ta . i  phosphorea) in  th e  p re ­
d is tu rb an ce  community.
In ten s iv e  g razing  by &  d roebach iensis  r a d ic a lly  a l te re d  th e  rank 
o rder of dominance; none o f th e  community dom inants w ere ranked th e  
same b efo re  and a f t e r  th e  p e r tu rb a tio n  (Table 4A). The post­
d istu rb an ce  community was overwhelmingly dominated by th e  amphipod 
Eontooeneia in e jm is . 2 .  in g im is  d e n s i t ie s  w ere n o t s ig n if ic a n t ly  
d i f f e r e n t  b e fo re  and a f te r  u rch in  overgrazing  (f  = 1.97, 1,8 d f , p  > 
.05, 1-way ANCVA). The po p u la tio n  d e n s i t ie s  o f o th e r  dominant 
amphipods were, however, an  o rder o f m agnitude low er a f te r  d is tu rb an ce  
( f  = 8 .2 ; p  < .025 , I .  a n g u ip e s : f  = 16, p  < .005 , £ .  bonol l i ;  f  = 
28 .7 , p  < .001 , J .  f a l c a t a :  f  = 21 .8 , p  < .005 , P. g labflr; f  = 16.8, p
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< .005, &  ru b r ic a ta . a l l  by 1-way ANCVA w ith  1,8 d f) . P opulations o f 
tub e -d w ellin g  amphipods (&. ru b r ic a ta .  J .  anguipes. £ . f a lc a ta .  C. 
b o n e lli)  w ere decim ated because amphipod tube  netw orks were grazed o f f  
th e  substratum  by sea  u rch ins. I t  i s  suggested  t h a t  th e  a b i l i t y  o f £ . 
in e rm is  t o  occupy p e la g ic  h a b i ta ts  enabled i t  t o  escape th e  b e n th ic -  
o r ie n te d  d is tu rb an ce . As expected, p o p u la tio n  d e n s i t ie s  o f dominant 
h e rb iv o re s  were s ig n if ic a n t ly  low er a f te r  u rch in  d is tu rb an ce  (f  = 66.1, 
p  < .001 , It. v i n c t a ; f  = 9 .6 , p  < .025 , 1 ,  p h o sp h o re a ; a l l  co m p ariso n s  
by 1-way ANCWA w ith  1,8 d f; A. ru b r ic a ta  a s  shewn above). Other 
h erb iv o re s  t h a t  in c u rre d  s ig n i f i c a n t  d en s ity  red u c tio n s  a s  a  r e s u l t  of 
overgrazing b u t n o t ranked a s  dom inants w ere M aroarites  heliQMMS 
( f  = 18.7, p  < .005) and Id o tea  b a l th ic a  ( f  = 6.1, p  < .05; both  
com parisons 1-way MCVA w ith  1,8 df). Such red u c tio n s  in  herb iv o re  
p o p u la tio n  d e n s i t ie s  i s  a t t r ib u te d  to  th e  lo s s  o f  macrophyte food 
re so u rces  and to  th e  d e s tru c tio n  o f a lg a l  h a b i ta ts .
Modiolus Bed Community. In  s t r ik in g  c o n tra s t  t o  th e  ou ts id e  
substratum  community, th e  rank o rd er o f dominant sp e c ie s  in  th e  m ussel 
bed community was n e a r ly  th e  same b e fo re  and a f t e r  u rch in  d istu rbance. 
For example, th e  rank o rder of s ix  o f th e  to p  te n  sp e c ie s  was n o t 
changed by th e  p e r tu rb a tio n  (Table 46). Q phiopholis a c u le a ta  dominated 
th e  Modiolus community b e fo re  and a f t e r  d is tu rbance . F u lly  e ig h t o f 
th e  sp ec ies  l i s t e d  a s  dom inants i n  th e  p re -d is tu rb a n c e  community 
rem ained among th e  to p  te n  ranked sp e c ie s  a f te r  th e  d istu rbance;
D e n s itie s  o f th e  dom inant sp ec ie s  w ere compared b e fo re  and a f t e r  
d is tu rb an ce  by one-way A N C V A . P re - and p o s t-d is tu rb a n c e  d e n s it ie s  w ere 
n o t s ig n if ic a n t ly  d i f f e r e n t  fo r  7 o f th e  to p  10 ranked sp e c ie s  (f =
.87 , Q . a s u l s a t a ;  f  = .3 , u . g u a d r ic u s p id a : f  = 1 .1 , A* c i r r a t a : f  =
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.1 1 , 3 . j j t e i a ;  f  » 1 .37, £ . a r c t i c a : f  = 1 .63 , A. io h n s to n i :  f  = 5 .0 ,
£ . g r a n u la ta :  a l l  p  v a lu e s  > .0 5 , d a ta  lo g  (x + 1) tr a n s fo rm e d ) .  
D e n s itie s  o f  .& d roebach iensis  were s ig n if ic a n t ly  low er a f t e r  th e  
u r c h in  f r o n t  p a s s e d  o v e r  th e  m u sse l bed s ( f  = 41 .8 , 1 ,8  d f , p  < .001 , 
1-way ANCVA). As in  th e  o u ts id e  community, d e n s i t ie s  o f  X  v in c ta  and 
X arw uipes w ere s ig n if ic a n t ly  low er in  th e  p o s t-d is tu rb a n ce  m ussel bed 
com m unity ( f  = 6 .46 , p  < .0 5 , X  v in c ta :  f  = 7 .89 , p  < .0 5 , X  
anguipes. 1-way ANCVA, both  1,8 d f).
Severe g raz in g  caused d ram atic  changes in  both  th e  rank o rd er and 
abundance of dom inant sp e c ie s  o u ts id e  b u t n o t in s id e  th e  m ussel beds. 
The sp e c ie s  t h a t  changed th e  l e a s t  w ere a sso c ia te d  w ith  Modiolus beds. 
These c o n tra s t in g  r e s u l t s  in d ic a te  th a t  th e  m ussel beds w ere e f f e c t iv e  
refuges from th e  d e s tru c t iv e  e f f e c t s  o f  overgrazing fo r  a  m a jo rity  of 
th e  dominant sp e c ie s  in h a b itin g  them.
Species Richness
F igure  8 in d ic a te s  t h a t  fo r  3 o f th e  4 fu n c tio n a l groups, th e  
e f f e c t  o f u rch in  d is tu rb an ce  was th e  same in s id e  and o u ts id e  th e  m ussel 
beds. In te n s iv e  g razing  caused a  s ig n if ic a n t  red u c tio n  in  th e  sp ec ie s  
r ich n e ss  o f u p r ig h t a lgae, ep ifauna, and m obile fauna in  both  h a b i ta ts  
( u p r ig h t  a lg a e :  f  = 190, p  < .001 , o u ts id e ;  f  = 200, p  < .001 , in s id e ;  
e p ifa u n a :  f  = 241, p  < .001 , o u ts id e ;  f  = 180, p  < .001 , in s id e ;  
m o b ile  fa u n a : f  = 135, p  < .001 , o u ts id e ;  f  = 180, p  < .001 , in s id e ;  
m o b ile  fa u n a : f  = 135, p  < .001 , o u ts id e ;  f  = 52.6, p  < .001 , in s id e ;  
a l l  com parisons fcy 1-way ANCVA w ith  1,8 d f). A m ajor excep tion  to  t h i s  
tre n d  was dem onstrated  by th e  infauna. W hile in fau n a l sp e c ie s  rich n ess  
was s ig n if ic a n t ly  reduced o u ts id e  th e  m ussel beds (f  = 109, 1,8 d f , p  < 
.001, 1-way ANCVA), th e re  was no s ig n if ic a n t  d if fe re n c e  in  th e  sp ec ie s
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r ic h n e ss  o f m ussel bed in fauna b e fo re  and a f te r  u rch in  d is tu rb an ce  (f  = 
.3 ,  1 ,8  d f ,  p  > .0 5 , 1-way ANCVA). T h is  r e s u l t  s u g g e s ts  t h a t  th e  
d e s tru c tiv e  e f f e c t  of u rch in  g raz in g  was r e s t r i c te d  to  th e  upper 
p o r tio n  o f th e  m ussel bed. U pright a lg a e  and v i r t u a l ly  a l l  ep ifauna 
a tta c h e d  to  th e  m ussel s h e l l s  w ere grazed o f f  a s  th e  u rch in  f ro n t  
passed over th e  su rface  o f th e  m ussel bed. Infauna liv in g  a t  th e  base 
of th e  m ussel m a tr ix  w ere n o t im pacted because they were s p a t ia l ly  
is o la te d  from th e  d istu rbance . A fte r  u rch in  d is tu rb an ce , mean sp ec ie s  
r ich n e ss  ( a l l  fu n c tio n a l groups pooled) was s ig n if ic a n t ly  h igher in s id e  
th e  m ussel beds (x = 34.2) th a n  on th e  substratum  o u ts id e  th e  beds 
(x = 24 .6 ; F = 38 .4 ; 1 ,8  d f ,  p  < .001 , 1-way ANCVA).
Species D iv e rs ity  and Evenness
Mean v a lu e s  o f Shannon W einer d iv e rs i ty  (H1) and evenness (J*) 
were computed hy fu n c tio n a l groups and a re  graphed in  Fig. 9. Between 
h a b i ta t  com parisons o f mean sp e c ie s  d iv e rs i ty  and mean evenness b efo re  
and a f te r  d is tu rb a n ce  w ere made fcy th e  Wilcoxon two sample t e s t  (Sokal 
and R o h lf , 1969:392).
Epifauna. P r io r  t o  d is tu rb an ce , ep ifau n a l sp ec ie s  d iv e rs i ty  d id  
no t d i f f e r  in s id e  and o u ts id e  th e  m ussel beds, This p a t te rn  was a lso  
ev id en t fo r  mean evenness (Fig. 9). A fte r u rch in  d is tu rb an ce , however, 
both  mean sp e c ie s  d iv e rs i ty  and mean evenness of ep ifauna was h igher 
in s id e  th e  m ussel beds. This was due to  th e  e lim in a tio n  o f a l l  
ep ifauna a ttach e d  t o  rock and c ru s to se  c o ra l l in e  a lg ae  o u ts id e  th e  
m ussel beds.
Mobile Fauna. There was no s ig n if ic a n t  d if fe re n c e  in  e i th e r  mean 
sp e c ie s  d iv e rs i ty  o r  mean evenness o f m obile fauna in s id e  and o u ts id e
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Modiolus beds b e fo re  u rch in  d is tu rbance . A fter th e  d is tu rb an ce , mean 
sp ec ie s  d iv e rs i ty  was s ig n if ic a n t ly  h ighe r in s id e  th e  m ussel beds (U = 
25, p  < .01). B u s  was p r im a r ily  a  response to  changes in  mean 
evenness, which was s ig n if ic a n t ly  h igher in s id e  th e  m ussel beds (U =
25, p  < .01). The low mean evenness o u ts id e  th e  m ussel beds was due to  
th e  overwhelming dominance o f th e  amphipod Pontooeneia in e rm is  in  th e  
u rch in  b arren s  community (Table 4A).
Infauna. P a tte rn s  o f in fau n a l sp e c ie s  d iv e rs i ty  w ere reversed  by 
th e  d is tu rb an ce  event. The mean sp e c ie s  d iv e rs i ty  of in fauna was 
s ig n if ic a n t ly  g re a te r  o u ts id e  th e  m ussel beds p r io r  t o  d is tu rb an ce  (U = 
25, p  < .01). Correspondingly, mean evenness was s ig n if ic a n t ly  g re a te r  
in  th e  o u ts id e  substratum  community b e fo re  i t  was overgrazed (U = 25, p  
< .01). Low mean evenness in  th e  Modiolus in fauna was due t o  th e  
dominance o f Q phiopholis a c u le a ta . A fte r u rch in  d is tu rb an ce , th e  mean 
sp ec ie s  d iv e rs i ty  c£ in fauna  was s ig n if ic a n t ly  g re a te r  in s id e  th e  
m ussel beds (U = 2 6 ,  p  < .005). Since mean evenness was no t 
s ig n if ic a n t ly  d i f f e r e n t  between h a b i ta ts ,  t h i s  r e s u l t  i s  a t t r ib u te d  to  
th e  s ig n if ic a n t  red u c tio n  o f in fau n a l sp ec ie s  r ich n e ss  in  exposed 
h a b i ta ts  o u ts id e  Modiolus beds (Fig. 8).
Urchin g raz ing  e lim in a te d  a l l  u p r ig h t m acroalgae, a  m a jo rity  of 
th e  sp e c ie s  in h a b itin g  a lg a l  h a b i ta t  s t ru c tu re s ,  and most sp e c ie s  of 
en c ru s tin g  in v e rte b ra te s . Local sp ec ie s  d iv e rs i ty  was s ig n if ic a n t ly  
low er in  th e  p o s t-d is tu rb a n c e  u rch in  b a rren s  community than  in  th e  p re ­
d is tu rb an ce  k e lp  bed community. The u rch in  b a rren s  community has low 
sp e c ie s  r ich n e ss  w ith  a  h igh co n ce n tra tio n  of dominance among few 
sp ec ie s , consequently , i t  has a  low H1 and low evenness.
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R esistance  and M o rta lity  o f  Modiolus
The p red a tio n  experim ent and th e  n a tu ra l g razing  experim ent 
in d ic a te d  th a t  th e  Modiolus beds a r e  re fu g es  from b io lo g ic a l 
d is tu rbance . Why then, a re  th e  m ussel beds such e f f e c t iv e  refuges?
This q u e s tio n  was addressed  by m onito ring  m ussel beds f o r  5 y ea rs .
A ll Modiolus beds p e r s is te d  fo r  5 y ea rs , moreover, n e t  g a in s  frcm  
rec ru itm e n t exceeded deaths of r e s id e n t m ussels i n  9 o u t o f th e  12 
m onitored beds (Fig. 10). Consequently, th e  m a jo rity  of th e  m ussel 
beds in c reased  in  s ize . Three o f th e  m onitored beds showed no n e t  
change in  Modiolus d en s ity  (1 each a t  8, 18, and 30 m). An 
o p po rtun ity  t o  ev a lu a te  th e  re s is ta n c e  s t a b i l i t y  (sensu Connell and 
Sousa, 1983) o f  th e  shallow  m ussel beds occurred  when th e  b en th ic  
community a t  8 m eters  was im pacted ty  th e  la rg e  s c a le  u rch in  
d istu rbance . Changes in  th e  m ussel beds w ere documented fo r  two y e a rs  
a f t e r  th e  u rch in  f ro n t  passed over th e  m onitored beds between December, 
1981 and February, 1982. F igure  10 shows th a t  th e  Modiolus beds 
remained in t a c t  a f t e r  th e  d is tu rbance . S ince a  d is tu rb a n ce  fo rc e  was 
ap p lied  and r e s is te d ,  th e  Modiolus p o p u la tio n s  a t  8 m a r e  ch a ra c te riz e d  
ty  a  h igh  degree o f re s is ta n c e  s t a b i l i t y .  The deeper m ussel beds w ere 
n o t su b jec ted  to  a  m ajor d is tu rb an ce  during  th e  5 y ea r m onitoring  
perio d , th u s  th e  constancy o f th e  m ussel beds a t  18 and 30 m dep ths i s  
a  r e s u l t  of th e  lo n g ev ity  of Modiolus.
As shown in  Table 5, m o r ta li ty  r a te s  o f a d u l t  Modiolus w ere low, 
bu t w ere s tro n g ly  dependent on depth. O vera ll p e rce n t m o r ta li ty  ( a l l  
m o r ta li ty  sources pooled) was h ig h e s t a t  th e  shallow  8 m s i t e  (8 m >
18 m, x^ = 2 4 .5 , p  < .005; 8 m > 30 m, x^ = 18 .2 , p  < .005 ; c h i  sq u a re  
a n a ly s is ) . For example, th e  m o r ta l i ty  r a te  a t  8 m eters  was 7 tim es
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h igher th an  a t  18 mr and 45 tim e s  h ig h e r th an  a t  30 m. This was 
p r im a r ily  a  fu n c tio n  o f th e  h igh  frequency of d ea th s  fo llow ing  
overgrow th and dislodgem ent by k e lp  a t  8 m. Kelp induced dislodgem ent 
was th e  m ost im p o rtan t source o f m o r ta l i ty ,  accounting fo r  76% o f th e  
d ea th s  a t  8 m, p r io r  t o  th e  u rch in  d istu rbance. By g raz ing  k e lp  o ff  
m ussel s h e l l s ,  sea  u rch in s  e lim in a te d  m o r ta li ty  from k e lp  induced 
dislodgem ent. This caused a  red u c tio n  i n  th e  p e rce n t m o r ta l i ty  o f 
Modiolus frcm 31.2% p r io r  to  u rch in  overgrazing  t o  5.2% in  th e  a f t e r  
th e  d is tu rb a n c e  Because th e  18 and 30 m s i t e s  a re  below th e  low er 
l i m i t  o f th e  k e lp  zone, Modiolus p o p u la tio n s  a t  th e  deeper s i t e s  w ere 
n o t a f fe c te d  by d islodgem ent m o rta li ty . The in te n s i ty  of p red a tio n  by 
A s te r ia s  v u lg a r is  on M. m odiolus was g r e a te s t  a t  8 m and decreased  w ith  
d e p th  (8 m > 18 m, x^ = 4 .2 , p  < .05 ; 8 m > 3 0  m, x^ = 3 .9 , p  < .05) 
(Table 5). Deaths frcm  sh e ll-c ru sh in g  p re d a to rs  (crabs and lo b s te rs )  
was a  minor source o f m o r ta l i ty  and d id  n o t vary  w ith  depth.
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Hie r e s u l t s  dem onstrate th e  fu n c tio n a l s ig n if ic a n c e  o f Modiolus 
beds a s  s p a t i a l  re fuges from bo th  types  o f b io lo g ic a l d is tu rb an ce , 
p red a tio n , and g raz ing  (Dayton, 1971) which a re  id e n t i f ie d  a s  m ajor 
de te rm in an ts  o f community s t ru c tu re  in  th e  New England su b tid a l zone. 
Hie observed d is t r ib u t io n  and abundance p a t te rn s  o f m ussel bed fauna 
r e f l e c t  d i f f e r e n t i a l  su rv iv a l in s id e  and o u ts id e  th e  m ussel m atrix .
Open rocky s u b s t r a ta  w ith  l i t t l e  s t r u c tu ra l  com plexity re p re se n t h igh  
r is k  h a b i ta ts  w here th e  p ro b a b il i ty  o f death  from p re d a tio n  i s  high. 
Thus, many sp e c ie s  escape p re d a tio n  and g raz ing  d is tu rb an ce  by 
occupying s t r u c tu r a l ly  complex m ussel beds where they a t t a in  p o p u la tio n  
d e n s i t ie s  which a re  s ig n if ic a n t ly  h igher than  in  exposed h a b i ta ts .
D isturbance and Coranunitv O rganization  
Itoo s c a le s  o f b io lo g ic a l d is tu rb an ce  in flu en ce  community 
o rg a n iz a tio n  in  th e  New England s u b tid a l zone. P redation  re p re se n ts  a  
re c u rre n t , sm a ll-s c a le  d is tu rb a n c e  which m o d ifies  th e  s p a t i a l  
d i s t r ib u t io n  and abundance o f p r ^ .  Unlike p red a to r d is tu rb a n ces  which 
occur f re q u e n tly , and vary  i n  in te n s i ty  on a  d iu rn a l and seasonal 
b a s is ,  b io lo g ic a l d is tu rb an ce  by overgrazing se a  u rch ins i s  
com paratively  in freq u e n t, la rg e  s c a le , and causes ra d ic a l changes in  
community s tru c tu re s  For example, shallow  s u b tid a l com m unities w ere 
overgrazed only once in  a  5 -year p eriod , however, community w ide 
red u c tio n s  in  sp e c ie s  abundance, d iv e rs i ty ,  and r ic h n e ss  ensued.
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S m all-sca le  P red a to r D isturbance
By preying h eav ily  on epiben thos o u ts id e  m ussel beds, th e  
p red a to rs , Cancer b o re a l is .  Cancer i r r o r a tu s .  Homarus am ericanus. 
A s te r ia s  v u lg a r is . Buccinum undatum. Tautogolabrus adspersus. and 
Pseudopleuronectes am ericanus. p lay  an  im po rtan t ro le  in  th e  
d is t r ib u t io n  and abundance of spec ies. Data on th e  d ie t s  of &  
v u lg a r is  (H ulbert, 1980) and o th e r members o f th e  p red a to r g u ild  a t  th e  
I s le s  o f  Shoals (H arris, 1984) and Nahant, M assachusetts (Sebens,
1984b) su g g ests  th a t  th e se  p red a to rs  a re  d ie ta ry  g e n e ra lis ts .
I t  i s  c le a r  from f i e l d  experim ents and p red a to r  abundance surveys 
th a t  noc tu rn a l p red a tio n  fcy crabs and lo b s te r s  has a  m ajor e f f e c t  on 
th e  s p a t ia l  d is t r ib u t io n  o f b en th ic  prey. For example, 66% of th e  
t o t a l  number o f prey a v a ila b le  in  th e  p red a tio n  experim ents w ere 
consumed a t  n ig h t by Cancer b o re a l is  and Homarus am ericanus (data 
pooled fo r  a l l  5 t r i a l s ) .  H iis  r e s u l t  i s  a  fu n c tio n  o f th e  n o ctu rna l 
fo rag ing  behavior of c ru stacean  p red a to rs , a s  £ . b o re a lis .  £ .  
i r r o r a tu s .  and a  am ericanus were s ig n if ic a n t ly  more abundant a t  n ig h t 
(Table 3). Moreover, a l l  £ . b o re a l is  and fi, am ericanus enumerated 
during  th e  n ig h t tr a n s e c ts  w ere a c t iv e ly  fo rag in g , w h ile  du ring  th e  day 
they  w ere h idden in  c re v ic e s , burrows, o r a t  th e  base o f undercut rock 
ledges. B ern s te in  a l >  (1981) suggested  th a t  in  Nova S co tian  
su b tid a l com m unities, p red a tio n  p re s su re  from crabs and lo b s te r s  was 
com paratively  l e s s  im portan t f i s h  than  f i s h  p red a tio n  (e.g>, by th e  
w o lfish  A narhichas lupus and p la ic e  H iroog losso ides p la te s so id e s ) . 
However, B ern s te in  ££  j l ,  (1981) may have underestim ated  th e  im portance 
o f c rabs in  n a tu ra l com m unities because they d id  n o t e v a lu a te  th e  
e f f e c t s  of c rab  p red a tio n  in  th e  f ie ld .  In  th e  shallow  s u b tid a l
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com munities examined h ere , f i s h  p red a tio n  occurred  only  during  th e  day 
and cunner and flounder w ere p re se n t a t  th e  experim ental s i t e  only 
during  th e  day (Table 3). l h i s  r e s u l t  i s  c o n s is te n t w ith  th e  
o b serv a tio n s  o f B ern s te in  je t .aL (1981) t h a t  f i s h  p re d a tio n  i s  m ost 
in te n se  during  th e  day.
Although n o t te s te d  experim en ta lly , i t  i s  l ik e ly  th a t  th e  le v e l of 
p redato r d is tu rb an ce  in  th e  shallow  New England s u b tid a l  zone i s  low er 
in  w in te r  than  in  summer because dem ersal f i s h  leav e  nearshore su b tid a l 
reg ions and move o ffsh o re  in to  deeper w ater du ring  th e  w in te r  (Bigelow 
and Schroeder, 1953). W inter red u c tio n s  o f f i s h  p o p u la tio n  d e n s i t ie s  
in  th e  New England s u b tid a l  have a lso  been documented bySebens (1984b). 
U nlike f i s h ,  nearshore  lo b s te r  popu la tio n s  in  th e  G ulf of Maine do no t 
m ig ra te  o ffsh o re  in  w in te r  (Gooper sfc a L . 1975). Choat (1982) 
s tre s s e d  th e  im portance of understanding v a r ia t io n  in  p red a to r 
d is t r ib u t io n  p a t te rn s  in  o rder to  p roperly  in te r p r e t  experim ental 
e v a lu a tio n s  o f th e  e f f e c t s  o f p re d a to rs  on community s t r u c tu r e  
P redato r abundance surveys in d ic a te d  th a t  th e  Modiolus refuge 
experim ents w ere conducted during a  period  o f  high p red a to r abundance 
(summer. Table 3). I t  i s  im portan t to  consider how th e  experim ental 
r e s u l t s  m ight d i f f e r  i f  th e  experim ents w ere conducted during  th e  
w in te r, when o v e ra ll p red a to r d e n s i t ie s  a re  low er. I  expect th a t  th e  
same experim ental conclusions; t h a t  p red a to rs  c o n tro l prey s p a t ia l  
d is t r ib u t io n  and th a t  Modiolus beds provide a  re fuge  from p red a tio n , 
would be reached because crabs and lo b s te r s  w ere common a t  th e  study 
s i t e  du ring  th e  w in te r  and were observed a c t iv e ly  fo rag ing  a t  n igh t. 
Although th e  r a t e  of p red a tio n  would probably  be low er in  w in te r 
experim ents, I  expect th a t  p red a tio n  p ressu re  from a  com bination of
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in v e r te b ra te  p red a to rs ; A s te r ia s  .vu lgari s , Buccinum c rab s,
and lo b s te r s  i s  h igh  enough to  r e s t r i c t  th e  d is t r ib u t io n  o f Modiolus 
community sp e c ie s  to  m ussel bed refu g es  even during  th e  w in te r.
The u t i l i z a t i o n  o f m ussel bed h a b i ta ts  by O phiopholis a c u le a ta . 
H ia te l la  a r c t ic a .  and S tro n o v lo cen tro tu s  .dLQ g^cM eim s i s  in te rp re te d  
as  a  response to  avoid  p red a tio n . Major p re d a to rs  o f Op h iopho lis  w ere 
w in te r  flounder and ju v e n ile  l o b s te r a  C arte r and S te e le  (1982) found 
th a t  ju v e n ile  lo b s te r s  showed p o s i t iv e  prey  s e le c t io n  fo r  O phiopholis 
a c u le a ta  in  th e  shallow  s u b tid a l  zone o f f  Newfoundland, suggesting  th a t  
p re d a tio n  p re ssu re  may a ls o  cause s e le c t io n  f o r  c ry p t ic  h a b i ta ts  in  
s u b a rc tic  s u b tid a l  reg ion  a  The cod, Gadhus morhua. i s  ano ther 
p red a to r  th a t  p rey  h eav ily  on Q . a c u le a ta  in  th e  New England su b tid a l. 
For in s ta n c e , th e  stom achs o f 10 Q . morhua feed ing  on th e  benthos o f 
upper rock su rfa c e s  a t  33 m depth  a t  Pigeon H i l l  (30 Km SE of S ta r 
Is land ) con ta ined  453 &  acu le a ta  (unpublished data). An analog t o  th e  
in t e r - h a b i t a t  d if fe re n c e s  in  oph iu ro id  p o p u la tio n  d e n s i t ie s  documented 
h e re  occurs on Caribbean c o ra l r e e f s  w ith  th re e  congeneric sp e c ie s  o f 
O phio thrix  (Hendler, 1984). The oph iuro ids Q phio thrix  l i n e a ta , 
O Phiothrix  an u u la ta . and Q phiothrix  suenspni,  a re  s ig n if ic a n t ly  more 
abundant in s id e  sponges th an  e lsew here, and Hendler (1984) dem onstrated  
th a t  th e  sponges p ro te c t  th e  op h iu ro id s  from  f i s h  p redation . In  
su b tid a l com m unities o f f  th e  c o a s t of Nova S co tia , B ern s te in  f i t  a l . .  
1981 a t t r ib u te d  th e  tendency o f &  d ro eb ach ien sis  t o  rem ain "hidden" in  
k e lp  dom inated com m unities a s  a  response to  c rab  and lo b s te r  p re d a t io n  
They showed th a t  th e  p resence o f  Cancer i r r o r a tu s  caused sm all & 
d roeb ach ien sis  t o  seek s h e l te r  among rocks i n  la b o ra to ry  cond itions.
At S ta r  Is lan d , Cancer b o re a l is  and Tautooolabrus _a.dspgLg.yis had th e
I
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g re a te s t  e f f e c t  on &  d roebach iensis . In  a  d e ta i le d  exam ination  o f 
p re d a to r  e f f e c t s  in  su b tid a l com m unities o f f  n o rth e rn  M assachusetts, 
Sebens (1984) a ls o  found th a t  £ . b o re a l is  was a  m ajor p red a to r on &  
droebach iensis . I t  i s  suggested  t h a t  p o p u la tio n s  o f H ia te l la  a r c t i c a  
o u ts id e  th e  m ussel beds a r e  m ain ta ined  a t  low le v e ls  by in te n se  
p re d a tio n  from th e  e n t i r e  p redato ry  g u ild .
L arg e -sca le  Grazing D isturbance
No m a tte r  w hat c r i t e r io n  i s  used to  compare th e  im pact of 
d is tu rb a n ce  f r a n  u rch in  g raz in g  in  th e  two shallow  s u b tid a l  h a b i ta ts ,  
th e  same p a t te rn  emerges. Communities o u ts id e  th e  m ussel beds 
underw ent m ajor changes in  sp e c ie s  com position, rank o rder o f 
dominance, sp ec ie s  r ic h n e ss , d iv e rs i ty ,  and evenness a s  a  r e s u l t  of 
overgrazing. Mussel bed com m unities changed th e  l e a s t  because th e  
m ussel bed s t r u c tu re  damped th e  im pact o f overgrazing on th e  a s so c ia te d  
fauna. Thus, in fau n a l assem blages w ith in  th e  m ussel m a tr ix  w ere no t 
r a d ic a lly  a l te r e d  by th e  d is tu rbance .
In ten se  g raz ing  by aggregated  S trongy locen tro tu s denuded th e  
substratum  of a l l  sp ec ie s  o f u p r ig h t m acroalgae and n e a r ly  a l l  
en c ru s tin g  in v e r te b ra te s  le av in g  Modiolus beds and c ru s to se  c o ra l l in e  
a lgae . A ssociated  w ith  th e  d e s tru c t io n  o f a lg a l h a b i ta t  s t r u c tu re  and 
lo s s  o f  a lg a l food re so u rces  was th e  near e lim in a tio n  o f h e rb iv o re  
p o p u la tio n s  and a  d r a s t i c  red u c tio n  in  sp ec ie s  d en s ity . H erbivores 
p a r t ic u la r ly  a f fe c te d  w ere p o p u la tio n s  o f  th e  gastropods Lacuna v in c ta , 
Marqarl t e s  h e lic in u s , and flcmasa t e s tu d jn a l i s , th e  amphipod AmPithoe 
r u b r ic a te  and isopods Id o tea  phosphorea and Jd o te a  b a lth ic a . In  
a d d itio n  t o  S trongy lo cen tro tu s . th e  m ajor h e rb iv o re s  rem aining in  th e  
u rch in  b arren s  community were th e  c h ito n s , T o n ice lla  rub ra  and
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Ttonicella marmorea. C hitons w ere n o t im m ediately im pacted by th e  
d is tu rb an ce  because they  graze  c o ra l l in e  a lg a l su rfa c e s  and d id  n o t 
depend on th e  a lg a l food reso u rces  destroyed fcy overgrazing u rch ins 
(Langer, 1978; Steneck, 1982). The abundance o f in v e rte b ra te s  in  th e  
community o u ts id e  th e  m ussel beds d ec lined  from a  mean d en s ity  o f  2164 
in d iv id u a l/0 .2 5  m2 p r io r  t o  overgrazing to  a  mean d e n s ity  o f 453 
in d iv id u a ls /0 .2 5  m2 a f t e r  overgrazing. In  th e  St. Lawrence Estuary , 
Himmelman £ t  .al. (1983) dem onstrated  t h a t  th e  removal o f u rch in s  from 
b a rren  a re a s  caused th e  re -e s ta b lish m e n t o f m acroalgae which le d  to  
s ig n if ic a n t  in c re a se s  in  p o p u la tio n  d e n s i t ie s  o f herb ivorous m olluscs: 
Acmaea te s tu d in a ls ,  Ifor.qa tit& s  ljfilteiump> J&cuna v in c ta , and L i t to r in a  
o b tu sa ta  (Himmelman a l ..  1983).
In  t h i s  study , sea  u rch in  g razing  rep resen ted  a  la rg e  non- 
s e le c t iv e  d is tu rb an ce ; consequently , i t  brought about a  s ig n if ic a n t  
community-wide red u c tio n  in  sp ec ie s  rich n ess  and d iv e rs i ty  of a l l  
fu n c tio n a l groups of b en th ic  in v e rte b ra te s  except m ussel bed infauna. 
A lgal sp ec ie s  r ich n e ss  was s im ila r ly  a ffec ted . The u rch in  barren s  
community o u ts id e  th e  m ussel beds was c h a ra c te rized  by low sp ec ie s  
d iv e rs i ty  (H1 = 2.14; a l l  fu n c tio n a l groups pooled) and low sp ec ie s  
r ich n e ss  (S = 22 sp e c ie s) , which i s  ty p ic a l o f the  sp ec ie s  d iv e rs i ty  of 
com m unities fo llow ing  a  severe  d is tu rbance  (Connell, 1978; Lubchenco, 
1978; FOx, 1979). Depending on th e  s e le c t iv i ty  and in te n s i ty  o f 
grazing , sea  u rch in  g raz ing  may enhance o r reduce lo c a l sp ec ie s  
d iv e rs i ty . Ey g razing  on th e  com p etitiv e ly  su p e rio r  a lg a  Padina 
s a n c ta e -c ru c is , Diadema a n tilla ru m  slowed th e  p rocess o f com petitive  
exc lu sion , thereby  in c re a s in g  th e  d iv e rs i ty  o f a lg ae  on S t. Croix c o ra l 
r e e fs  (Sammarco £ t  a l . .  1974). More commonly, however, sea  u rch in s
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overgraze a lg a l com m unities and sev ere ly  reduce th e  sp ec ie s  r ich n e ss  
and /o r d iv e rs i ty  of m acroalgae (Paine and Vadas, 1969; Dayton, 1975; 
Lawrence, 1975; Breen and Mann, 1976; Foremann, 1977; Duggins, 1980; 
Himmelmann, 1980; Sammarco, 1982; Hagen, 1983). Very few s tu d ie s  have 
eva lua ted  th e  e f f e c t  o f in te n se  u rch in  g razing  on in v e rte b ra te  sp e c ie s  
d iv e rs i ty .  Vance (1979) dem onstrated  t h a t  grazing  by C entrostephanus 
coronatus reduced th e  taxonomic d iv e rs i ty  of in v e rte b ra te s  w ith in  
lo c a liz e d  fo rag in g  a rea s . However, no d a ta  w ere g iven  on th e  e f f e c t  of 
g raz ing  a t  th e  sp e c ie s  le v e l  because th e  photographic sam pling methods 
employed d id  n o t enab le  a l l  organism s t o  be id e n t i f i e d  t o  species. 
Im portan tly , Himmelmann j l*  (1983) dem onstrated th a t  in te n se  
S tro ngy locen tro tu s g razing  se v e re ly  reduced in v e rte b ra te  sp ec ie s  
rich n e ss  in  th e  shallow  s u b tid a l  zone of th e  St. Lawrence es tu ary . The 
e f f e c t  was n o t examined on th e  e n t i r e  m acrobenthic community, however, 
because gammarid amphipods w ere n o t id e n t i f ie d  to  sp ec ie s. In  th e  
p re se n t study , amphipods w ere an  ex trem ely  im portan t community 
component, dom inating both  p re -  and p o s t-d is tu rb a n ce  com munities a t  th e  
8 m s i t e .  A unique asp ec t o f t h i s  study was th a t  th e  a n a ly s is  o f th e  
e f f e c t  of sea  u rch in  g razing  on community s t ru c tu re  was based on th e  
knowledge o f th e  d is t r ib u t io n  and abundance p a t te rn s  o f a l l  
m acrobenthic sp e c ie s  in  th e  community.
L evels o f sp ec ie s  r ic h n e ss  in  th e  p re -  and p o s t-u rc h in  d is tu rb an ce  
com m unities rep o rte d  h e re  w ere s u b s ta n tia l ly  h ig h e r than  tho se  recorded  
by Himmelmann s i?  (1983). For example, th e  mean sp ec ie s  r ic h n e ss  o f 
in v e r te b ra te s  in  th e  p re -d is tu rb an ce  ke lp  f o r e s t  community a t  S ta r 
Is lan d  was 56.2 o u ts id e  th e  m ussel beds and 50.2 in s id e  th e  Modiolus 
beds, compared to  a  sp e c ie s  r ich n e ss  o f 7.1 to  10.2 in  k e lp  f o r e s t
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com m unities in  th e  S t. Lawrence e s tu a ry  (Himmelmann g t  a L . 1983). 
S im ila r ly , mean sp ec ie s  r ic h n e ss  o f  in v e r te b ra te s  i n  th e  S ta r  Is la n d  
u rch in  b arren s  community was 24.6 o u ts id e  th e  m ussel beds and 34.2 
in s id e  th e  m ussel beds, compared t o  a  sp ec ie s  r ic h n e ss  o f 1.3 to  4.8 in  
th e  S t. Lawrence u rch in  barrens. Such s tr ik in g  d if fe re n c e s  in  sp e c ie s  
r ic h n e ss  may be p a r t ly  a t t r ib u te d  t o  th e  om ission  o f amphipod sp e c ie s  
from  Himmelmann e t  a U s  (1983) c a lc u la tio n  o f sp e c ie s  r ich n e ss , b u t i s  
more l ik e ly  a  r e f le c t io n  of a  low er d iv e rs i ty  sp ec ie s  pool in  th e  in n e r 
reaches of th e  S t. Lawrence e s tu a ry  than  in  th e  f u l l y  m arine h a b i ta ts  
a t  S ta r  Is land . Species r ic h n e ss  i s  known to  decrease  along e s tu a r in e  
g ra d ie n ts  from  th e  open ocean t o  th e  in n e r e s tu a ry  (Sanders, g t  a L . 
1965; W ilkinson, 1980; Hardwick-Witman and M athieson, 1983).
Because sp e c ie s  r ich n e ss  and d iv e rs i ty  w ere s ig n if ic a n t ly  g re a te r  
in s id e  m ussel beds a f t e r  overgrazing  by sea u rch in s . Modiolus bed 
com m unities re p re se n t sp e c ie s  r ic h  p a tches s e t  in  a  sp e c ie s  poor 
landscape. When viewed on a  la rg e  s p a t i a l  s c a le , th e  s p a t i a l  p a t te rn  
th a t  emerges i s  a  mosaic of h igh  and low d iv e rs i ty  p a tches  
corresponding t o  th e  patchy s p a t i a l  d is t r ib u t io n  of Modiolus beds in  
th e  shallow  u rch in  barrens.
E co log ica l Roles o f  Mussel Beds
As com petitive  dcm inants on m arine rocky shores, m ussels p lay  
major ro le s  in  community o rg an iz a tio n  (Paine, 1966, 1969, 1974; Seed, 
1969; Dcyton, 1971, 1973; Suchanek, 1978, 1979, 1984). Mussel beds 
have both d i r e c t  and in d i r e c t  e f f e c t s  on community s tru c tu re . D ire c t 
e f f e c t s  inc lude  th e  fo rm atio n  o f new h a b i ta ts  and th e  p ro v is io n  o f new 
resources. Less i s  known about in d i r e c t  e f f e c t s  which may invo lve  th e  
m o d ifica tio n  o f  le v e ls  o f p red a tio n , com petition , o r d is tu rb an ce .
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This study  dem onstrates a  new fu n c tio n a l ro le  of m ussel beds: 
p ro te c tio n  from p red a tio n . T his ro le ,  which i s  a  by-product o f m ussel 
bed s p a t i a l  com plexity , has been hypothesized f o r  M ytilus c a l ifo m ia n u s  
beds (Suchanek, 1979, 1984) b u t has n o t been e x p l i c i t ly  dem onstrated. 
The a b i l i t y  o f mussel, beds t o  provide p ro te c tio n  from p red a to rs  may be 
e s p e c ia lly  im p o rtan t in  su b tid a l environm ents where p red a to r abundance 
and fo rag ing  a c t iv i t y  i s  n o t a f fe c te d  by t i d a l  em ersion and p red a to rs  
have th e  p o te n t ia l  t o  be in  c o n s tan t c o n tac t w ith  t h e i r  p r ^ .  I t  
should a lso  be an  im p o rtan t f a c to r  in flu en c in g  h a b i ta t  s e le c tio n  fo r  
m ussel bed refu g es  by s u b tid a l b en th ic  in v e rte b ra te s . The p ro te c tio n  
th a t  Modiolus beds prov ide in c re ased  lo c a l  d iv e rs i ty  fo llo w in g  la rg e  
s c a le  u rch in  d is tu rb an ce . I t  i s  undoubtedly an im p o rtan t reason  why 
Modiolus beds a re  in h a b ited  by high d e n s i t ie s  o f in fau n a l organism s.
The e f f e c t  o f th e  Modiolus p re d a tio n  refuge on sp e c ie s  d iv e rs i ty  i s  
c o n s is te n t  w ith  Menge and S u th erlan d 's  (1976) p re d ic tio n  th a t  h a b i ta t  
s t r u c tu r a l  com plexity reduces p re d a tio n  in te n s i ty ,  thereby  in c re as in g  
sp ec ie s  d iv e r s i ty .
A c r i t i c a l l y  im portan t fu n c tio n  o f m ussel beds in  sp a c e - lim ite d  
h ard  s u b s t r a te  environm ents i s  th e  p ro v is io n  o f a  s t r u c tu r a l  m a trix  fo r  
sp e c ie s  t o  in h a b it. Secondary space i s  in c reased  by th e  m ussel bed 
s tru c tu re  (Dayton, 1971) due to  an  inc reased  su rfa c e  a re a  o f m ussel 
s h e lls .  Suchanek (1979) found th a t  th e  su rface  a re a  o f a  M ytilus 
c a l ifo m ia n u s  bed was 3 t o  15 tim es g re a te r  th an  th e  f l a t  rock 
substra tum  o u ts id e  th e  beds. Mussel s h e l l s  supp o rt a  d iv e rse  
assem blage o f ep izoans in c lu d in g  bryozoans, tu n ic a te s ,  sponges, 
po lychaetes, c ru s to se  c o ra l l in e  a lg ae , and fo l io s e  a lg a e  (Suchanek, 
1979, 1984; t h i s  study). By em placing physica l r e p l ic a s  o f M ytilus
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c a l ifo m ia n u s  beds i n  th e  i n t e r t i d a l  zone, Suchanek (1979) dem onstrated 
t h a t  th e  h igh  d iv e rs i ty  of th e  M ytilus c a l ifo m ia n u s  community i s  a  
r e s u l t  o f th e  p h y sica l com plexity  o f th e  m ussel bed s tru c tu re .  A fte r a  
co lo n iz a tio n  p erio d  o f 1 y e a r, th e  d iv e rs i ty  o f th e  a r t i f i c i a l  m ussel 
bed community was com parable t o  th a t  o f l iv in g  &  c a l ifo m ia n u s  beds, 
p rov id ing  unequivocal evidence th a t  s t r u c tu ra l  com plexity  i s  a  m ajor 
de term inan t of d iv e r s i ty  in  th e  rocky in t e r t i d a l  zo n a  As a  la rg e  
m a trix  form ing sp e c ie s , Modiolus m odiolus ap p aren tly  p lay s  a  ro le  
s im ila r  t o  th a t  o f M vtilus c a l ifo m ia n u s  and th e  tu n ic a te  F /u ra  
p r a e p u t ia l is  in  C h ile  (Paine and Suchanek, 1983). A ll th re e  sp ec ie s  
a re  major space o ccu p ie rs  on rocky shores, and a re  s o l i t a r y  b u t form 
dense, s t r u c tu r a l ly  complex h a b i ta ts  which harbor d iv e rse  com munities.
R esis tance  and Refuge S u i ta b i l i ty  
The im pact o f m ussel bed re fu g es  in  New England rocky su b tid a l 
com m unities i s  lin k e d  to  se v e ra l l i f e  h is to ry  fe a tu re s  o f  Modiolus 
modiolus. The r e s u l t s  o f age and grow th s tu d ie s  in d ic a te  th a t  Modiolus 
i s  a  slow growing, lo n g - liv e d  sp e c ie s  w ith  an  average l i f e s p a n  o f 17 to  
30 y ea rs  (Wiborg, 1946; Rowell, 1967; Seed and Brown, 1975, 1978; Brown 
and Seed, 1977; Comely, 1978). Maximum life s p a n s  o f 36 and 65 y e a rs  
have been recorded fo r  Modiolus in  Norway (Wiborg, 1946) and New 
Brunswick (Rowell, 1967), re sp e c tiv e ly . In  th e  p re se n t study where 
m o rta li ty  r a te s  w ere determ ined by d i r e c t  m onitoring , Modiolus beds 
p e r s is te d  fo r  > 5 y ears . In  deep s u b tid a l h a b i ta ts  (18 and 30 m) where 
d is tu rb an ce  caused m o r ta l i ty  i s  low (Table 5), Modiolus beds mey 
p e r s i s t  f o r  sev e ra l decades. The p e rs is te n c e  o f m ussel beds a t  shallow  
depths (8 m) depends on th e  a b i l i t y  o f Modiolus to  escape p red a tio n  fcy 
A ste r ia s  v u lg a r is , and death  from dislodgem ent by a tta c h e d  k e lp  which
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depends on th e  le v e l  of g razing  by re s id e n t sea  u rch ins (Witman, 1984) 
and th e  amount o f drag im ported by k e lp  (Witman and Suchanek, 1984). 
Photographic m onitoring revea led  th a t  th e  Modiolus bed framework was 
ab le  to  w ith stan d  a  severe  overgrazing d is tu rb an ce , which caused 
ccnununity-wide m o r ta l i t ie s  i n  o th e r ben th ic  assem blages. As a  
consequence of t h i s  a b i l i t y  t o  r e s i s t  b io lo g ic a l d is tu rb an ce , and i t s  
co n siderab le  lo n g ev ity , Modiolus beds re p re se n t p e r s i s te n t  h a b i ta t  
s tru c tu re s  th a t  a re  p re d ic ta b le  in  space and tim e. These 
c h a ra c te r i s t ic s  should make them p a r t ic u la r ly  e f f e c t iv e  refuges from 
b io lo g ic a l d is tu rbance  fo r  o th e r spec ies  in  th e  community. They a lso  
suggest th a t  i n  th e  rocky s u b tid a l zone o f th e  no rthw estern  North 
A tla n tic  Ocean where overgrazing by S tronciylocentrotus i s  a  m ajor 
m o rta li ty  source, Modiolus bed refuges p lay  a  la rg e  r o le  in  th e  
d is t r ib u t io n  o f sp ec ies  abundance and d iv e rs i ty  in  u rch in  b a rren  
communities. S ince Modiolus beds a re  th e  only  la rg e , b iogen ic h a b i ta t  
p rovid ing  s h e l te r  in  u rch in  barren s , they may be an im portan t nursery 
a re a  f o r  maiy sp e c ie s  o f m arine in v e rte b ra te s . A dd itio n a lly , 
popu la tions o f in v e r te b ra te s  l iv in g  in  p o s t-d is tu rb a n ce  Modiolus beds 
may produce more gam etes th an  th e i r  co u n te rp a rts  in  th e  h e a r i ly  grazed 
h a b i ta ts  o u ts id e  th e  mussel beds, and th u s  c o n tr ib u te  more toward 
m ain ta in ing  o v e ra ll popu la tion  le v e ls  of b en th ic  in v e r te b ra te s  in  
u rch in  b a rren  areas.
There a re  undoubtedly o th e r, le s s  d is tu rb a n c e - re s is ta n t  h a b i ta t  
s t ru c tu re s  in  th e  rocky s u b tid a l  zone o f New England th a t  serv e  a s  
s p a t ia l  refuges from f is h  and in v e r te b ra te  consumers fo r  th e i r  
a sso c ia te d  fauna. S p a tia l re fu g es  may be p a r t ic u la r ly  common in  kelp  
beds which have n o t been su b jec ted  t o  h igh le v e ls  o f S tronav locen tro tus
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grazing . These in c lu d e  v a r io u s  e lem ents of a lg a l  h a b i ta t  s t ru c tu re  
such as k e lp  h o ld fa s ts  and canopies, t u r f s  o f red  a lg a e  (Chondrus. 
Phyllophora, Phvcodrvs) and C O rallina o f f i c in a l i s  m ats a t  th e  8 m 
s i t e ,  t u f t s  o f  th e  red  a lg a  P t i l o t a  s e r r a ta  a t  18 and 30 m, and th e  
undersu rface  m ic ra h a b ita ts  o f c o ra l l in e  c ru s ts  (Lithothamnium o la c ia le )  
a t  a l l  depths. Although n o t experim en ta lly  dem onstrated, th e  a b i l i t y  
o f such a lg a l  h a b i ta t  s t ru c tu re s  a t  th e  I s le s  o f Shoals t o  provide th e  
assem blages o f amphipods, po lychaetes, and gastropods a s so c ia te d  w ith  
them (Fig. 2, Appendix 1) p ro te c tio n  from  f i s h  p red a tio n  may be 
in fe r re d  from o th e r s tu d ie s . For in s ta n ce , Young and Young (1977) and 
Heck and Thcman (1981) provided experim ental evidence th a t  dense s tands 
o f v e g e ta tio n  provided more p ro te c tio n  f o r  prey than  unvegetated  
bottom s o r a rea s  w ith  sp a rse  s tan d s  o f v eg e ta tio n . C oull and W ells 
(1983) dem onstrated  th a t  m ats o f C o ra llin a  o f f i c i n a l i s  w ere th e  m ost 
e f f e c t iv e  s tru c tu re s  d e te r r in g  f i s h  p red a tio n  on a s so c ia te d  meiofauna 
in  th e  New Zealand rocky in t e r t i d a l  zone. £ . o f f i c i n a l i s  was an 
abundant component o f th e  understo ry  algae  o u ts id e  th e  m ussel beds a t  
th e  8 m s i t e ,  w ith  a  mean dry w t biom ass o f 25.3 g p e r  10.25 m  ^ p r io r  
to  u rch in  d is tu rb an ce , and i s  presumed to  be a  p red a tio n  refuge.
U nlike Modiolus beds, C o ra llin a  m ats w ere grazed o f f  th e  substratum  by 
in te n se  u rch in  overgrazing , consequently  they probably have l e s s  o f a  
long-term  im pact on prey d i s t r ib u t io n  th an  Modiolus beds.
An understanding of th e  e f fe c tiv e n e ss  o f b io g en ic  re fu g es  should 
inc lude m easures o f th e  d is tu rb a n ces  im pacting th e  organism  th a t  
g en era tes  th e  refugee R esistance  s t a b i l i t y  o f th e  re fu g e  form ing 
organism , which r e fe r s  t o  a  s i tu a t io n  in  which a  p o p u la tio n  r e s i s t s  
p e r tu rb a tio n  (Sutherland, 1981; Connell and Sousa, 1983) should be a
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m ajor d e term inan t o f re fu g e  e ffe c tiv e n e ss , d e a r l y ,  re fu g es  form ed by 
r e s i s ta n t  organism s should  make b e t te r  re fuges th a n  th o se  form ed by 
organism s more v u ln e ra b le  to  d is tu rbance . However, l i t t l e  i s  known 
about th e  r e la t io n s h ip  betw een re s is ta n c e  and refu g e  e f fe c tiv e n e ss  
because d i r e c t  dem onstra tions o f  re s is ta n c e  in  n a tu ra l com m unities a re  
r a r e  (Connell and Sousa, 1983). To my knowledge, t h i s  i s  th e  f i r s t  
dem onstration  th a t  th e  a b i l i t y  o f a  sp e c ie s  t o  r e s i s t  d is tu rb an ce  
c o n tr ib u te s  tow ards i t s  c a p a b il i ty  to  se rv e  a s  a  refuge fo r  th e  
organism s a s so c ia te d  w ith  i t .
In  th e  New England rocky su b tid a l zone, th e  p r in c ip a l e f f e c t s  o f  
b io lo g ic a l d is tu rb a n ce  a re  t o  (1) b rin g  abou t r a d ic a l  changes i n  th e  
system  s t a t e  o f shallow  su b tid a l com m unities which a re  accompanied by 
m assive red u c tio n s  in  sp e c ie s  r ich n e ss , d iv e rs i ty ,  and po p u la tio n  
d e n s i t ie s  o f m arine in v e r te b ra te s ;  (2) cause s ig n if ic a n t  m o r ta l i t i e s  o f 
b e n th ic  in v e r te b ra te s  o u ts id e  m ussel beds; and (3) r e s t r i c t  th e  s p a t i a l  
d is t r ib u t io n  o f sp e c ie s  t o  h a b i ta ts  where th e  le v e l  o f b io lo g ic a l 
d is tu rb an ce  i s  reduced. Mussel bed re fu g es  a re  th u s  im portan t between 
h a b i ta t  d e te rm in an ts  o f sp e c ie s  d is t r ib u t io n ,  abundance, and d iv e rs i ty  
on upper rock su rfa c e s  i n  th e  New England s u b tid a l  zone.
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CHAPTER II
COEXISTENCE IN THE! SHALLOW SUBTIDAL ZONE: THE IMPORTANCE OF
PHYSICAL DISTURBANCE, OOMPETITICN, AND MUTUALISM IN MAINTAINING 
THE DEPTH ZCNATICN OF KELP AND MUSSELS
INTRODUCTION
Early  resea rch  on mechanisms f a c i l i t a t i n g  th e  coex istence  o f 
sp ec ie s  w ith in  n a tu ra l com munities advanced th e  view th a t  coex istence 
was achieved under eq u ilib riu m  co n d itio n s  s e t  fcy com petition  (MacArthur 
and Levins, 1967; MacArthur, 1970; Cody, 1974). This view was 
challenged by th e  n o tio n  th a t  p red a tio n  could  m a in ta in  co m p e titiv e ly  
dominant sp ec ie s  below carry in g  cap ac ity  (Paine, 1966; Connell, 1975), 
by th e  v iew po in t th a t  th e  s tre n g th  o f com petition  was v a r ia b le  and no t 
in c e ssa n t (Wiens, 1977), and by th e  theory  th a t  many com m unities a re  
m ain tained  in  a  non-equ ilib rium  s t a t e  fcy d is tu rb an ce  (Dayton, 1971; 
Levin and Paine, 1974; C onnell, 1978; Fox, 1979; Sousa, 1979; Paine and 
L ev in , 1981).
Rocky i n t e r t i d a l  and su b tid a l com m unities provide e x c e lle n t 
o p p o rtu n itie s  f o r  re sea rch  on mechanisms of sp ec ie s  co ex istence  and 
processes s tru c tu r in g  com munities in  genera l because (1) p a t te rn s  of 
zonation  a re  conspicuous w ith  dominant sp ec ie s  co e x is tin g  in  ecotones 
and (2) most of th e  sp ec ie s  producing th e  zones a re  s e s s i l e  and 
amenable to  experim entation . A co n siderab le  amount o f experim en ta tion  
has le d  to  g e n e ra liz a tio n s  about th e  r e la t iv e  im portance o f  f a c to rs  
m ain ta in ing  th e  abundance and d is t r ib u t io n  of sp ec ie s  along
45
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environm ental g ra d ie n ts  in  th e  rocky in t e r t i d a l  zone: (1) upper l im i t s
of sp ec ies  d is t r ib u t io n  a re  p r im a r ily  s e t  by physica l f a c to rs  (Connell, 
1972, 1975) and (2) low er l i m i t s  a re  p r im a r ily  s e t  by b io lo g ic a l 
f a c to r s  (Connell, 1961b; Dayton, 1971; Paine, 1974). Biese 
g e n e ra liz a tio n s  have been questioned  by Dayton (1979) and Underwood and 
Denley (1984) who argue th a t  they  should no t be used to  in te r p r e t  
sp ec ie s  d is t r ib u t io n  p a t te rn s  in  o th e r  com munities w ith o u t rigo rous 
a n a ly s is .
D esp ite  ex ten siv e  d e sc r ip t io n s  of p a t te rn s  o f su b tid a l zonation  in  
tem perate  rocky bottom  environm ents (Peres, 1967; Golikov and S ca rla to , 
1968; E d e ls te in  f i t  a L . 1969; Mann, 1972; V elim irov f i t  a L ,  1977; 
Hiscock and M itch e ll, 1980) very  l i t t l e  i s  known about the  mechanisms 
producing th e  p a tte rn s . Two broad su b tid a l zones have been recognized 
in  co ld -tem pera te  (< 20°C) reg io n s: a  shallow  s u b tid a l zone dominated 
ty  k e lp  (la rge  brown a lg ae  of th e  o rder L am inariales) th a t  extends as 
deep a s  th e re  i s  l i g h t  a v a ila b le  fo r  pho tosyn thesis (Luning, 1981), and 
a  reg ion  below th e  ke lp  zone th a t  i s  dominated ky s e s s i l e  in v e rte b ra te s  
b u t w ith  s c a tte re d  e re c t  algae. Hiscock and M itche ll (1980) term ed th e  
k e lp  zone th e  i n f r a l i t t o r a l  zone and th e  in v e r te b ra te  dominated zone 
th e  c i r c a l i t t o r a l  zone. In  one o f th e  f i r s t  experim ental s tu d ie s  of 
th e  mechanisms re sp o n s ib le  fo r  su b tid a l zonation , Jones and Kain (1967) 
dem onstrated th a t  th e  low er depth l i m i t  o f th e  kelp  zone could be 
determ ined by sea  u rch in  g razing , above th e  depth imposed ky l i g h t  
ex tin c tio n . Dayton (1975) dem onstrated th a t  in te r s p e c if ic  com petition  
among kelp s  and sea  u rch in  g razing  m ain tained  su b tid a l zonation  a t  
Amchitka, Alaska. S u b tid a l zonation  i s  defined  here  a s  th e  successive  
predominance of one sp ec ie s  or assem blage of sp ec ie s  occurring  w ith in  a
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j s p e c if ie d  depth range (W ellington, 1982).
In  t h i s  chap ter, I  use an experim ental approach to  e lu c id a te  th e
1 p h y sica l and b io lo g ic a l p rocesses  m a in ta in ing  th e  s u b tid a l zonation  o f' ]
| k e lp  (Lam inaria sacch a rin a . I> dig ita te) and m ussels (Modiolus
i; modiolus) a t  exposed, o ffsh o re  s i t e s  in  th e  G ulf o f Maine, USA. In
p a r t ic u la r ,  I  focus on th e  zone of overlap  between k e lp  and m ussels and 
address th e  q u es tio n : What l i m i t s  th e  upper d is t r ib u t io n  o f  Modiolus 
modiolus? I  show th a t  ch ron ic  p h y sica l d is tu rb an ce  and in te r s p e c if ic  
com petition  reduces th e  abundance o f Modiolus a t  shallow  depths. Hie 
coex istence  of k e lp  and m ussel com p etito rs  i s  m ain tained  by a  
m u tu a lis t ic  in te r a c t io n  between m ussels and sea u rch ins 
(S trongylocen tro tus d roebach iensis). Patch re c o lo n iz a tio n  experim ents 
have enabled me to  show th a t  th e  co m petitive  dominance of ke lp  i s  
lin k ed  to  th e i r  a b i l i t y  to  reco lo n ize  d is tu rb an ce  produced patches 
f a s t e r  than  m ussels.
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METHODS
Study Areas
\  F ie ld  s tu d ie s  w ere conducted a t  S ta r  Is la n d  (42°58,30nNs 70°37'W)
i
I and Murray Rock (43o04'15"N: 70°37,20BW) o ff  th e  co as t o f New Hampshire
j
i and sou thern  Maine, re sp e c tiv e ly , and a t  Sea P o in t, Maine (43°05'10"N:
; 70°40,40"W; Fig. 11). The S ta r  Is la n d  resea rch  s ta t io n s  were lo c a te d
on a  s ip p in g  g ra n ite  s h e lf  from a  depth  of 4 to  33 m eters , and a re  
d escrib ed  in  Chapter L  Murray Rock i s  th e  sh a llo w est (2 m depth  a t  
MLW) o f four su b tid a l p in n ac les  on th e  c r e s t  o f an ex trem ely  exposed
; ledge 5 km offshore . A resea rch  s ta t io n  was e s ta b lish e d  ad ja c e n t to
Murray Rock on th e  f la n k s  o f a  deeper (5 m depth a t  MLW) unnamed
j
' p in n ac le  0.2 km so u th eas t o f Murray Rock, a t  a  depth o f 8 to  11 m.
This s i t e  w i l l  be re fe r re d  to  a s  Murray Rock and ab b rev ia ted  a s  MR, 
although  i t  i s  a c tu a lly  ad jacen t to  Murray Rock. The substra tum  a t  
Murray Rock i s  composed of g r a n i t ic  gneiss . A ll re search  a t  S ta r  
Is la n d  (abbreviated  a s  SI) and Murray Rock was conducted underw ater 
using SCUBA. Sea P o in t i s  a  rocky promontory bordered by beaches on 
th e  n o rth e rn  and sou thern  s id e s  o f th e  p o in t. Sea P o in t was s e le c te d  
to  survey m ussel s tran d in g s  because i t  appeared l ik e ly  th a t  onshore
I c u rre n ts  would tra n s p o r t  m ussels d islodged  a t  Murray Rock to  Sea Point.
; This c u rre n t p a t te rn  was v e r i f i e d  when a  p l a s t i c  sponge, o r ig in a l ly
i
emplaced a t  Murray Rock fo r  a  m ussel rec ru itm e n t experim ent, was 
d islodged  and re tr ie v e d  on th e  no rth  beach a t  Sea Po in t.
Population Surveys 
To document su b tid a l v e r t i c a l  zonation  p a tte rn s , p o p u la tio n s  of
| 48
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h o rse  m ussels (Modiolus jno&slus), kelp  (Lam inaria saccharins and L. 
d ia i t a t a ) . and sea  u rch in s  (S troncivlocentrotus d roebach iensis) were 
q u a n t i ta t iv e ly  surveyed a t  S ta r  Is la n d  and Murray Rock. A photographic 
appara tus c a l le d  a  quadrapod was designed and b u i l t  fo r  Modiolus 
po p u la tio n  surveys (see Chapter 1). The s t r a t i f i e d  random sam pling 
procedure c o n s is te d  o f b lin d ly  dropping a  10 m tra n s e c t  l i n e  onto  th e  
bottom from  h igh  up in  th e  w ater column. One end o f th e  l i n e  was 
s tre tc h e d  ou t ac ro ss  th e  substra tum  along a  p re -s e le c te d  compass 
b earing  taken  from a  random number ta b le . A 0.25 m2 q u ad ra t photograph 
was taken  w ith  th e  quadrapod a t  e ig h t random marks along th e  l in e , The 
procedure was repea ted  4 tim es  w ith in  each depth s tra tu m  a t  S ta r  Is la n d  
(4, 8 , 12, 18 , 24 , and 32 m) and  a t  M urray Rock (8, 11, 14, and 17 m). 
Surveys w ere conducted in  J u ly  1979 (SI) and June 1983 (MR), y ie ld in g  a  
t o t a l  sam pling a rea  o f 48.0 m2 (SI) and 36.0 m2 (MR). Hie re s u lt in g  
q u ad ra t photographs w ere p ro je c te d  to  count a l l  13. m odiolus > 0.5 cm 
s h e l l  leng th . To determ ine th e  accuracy o f  th e  photographic censusing 
method, a  p i l o t  survey was conducted to  compare photographic counts to  
f i e l d  counts. At each o f 25 randomly lo c a te d  (as above) Modiolus beds, 
th e  m ussels w ith  a  0.25 m2 q u ad ra t were counted ( f ie ld  counts) and th e  
same q u ad ra t was photographed w ith  th e  quadrapod fo r  subsequent 
photographic counts. F ie ld  and photographic Modiolus counts were 
r e la te d  a s :
y  = 1.76 + .922 x
w here  y  = f i e l d  c o u n ts ,  x = p h o to  c o u n ts , r 2 = .95 , p  < .01 and n = 25. 
Consequently, th e  photographic method was an a cc u ra te  way o f censusing 
Modiolus p o p u la tio n s .
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Kelp (i.e . members o f th e  o rd er L am inariales) d e n s i t ie s  were 
assessed  by q u ad ra t sam pling. W ithin  each depth s tra tu m  (4, 8, 12 m,
S I; 8, 11, 14, 17 m MR), a  LO n? q u ad ra t was b lin d ly  to s se d  onto  th e  
bottom te n  tim es. P opulation  sam pling o f  ke lp  was n o t conducted a t  th e  
deeper S ta r  Is la n d  s i t e s  because ke lp s  were no t g e n e ra lly  p re se n t below 
12 m depth. The LO m2 q u ad ra t was subdivided in to  fo u r 0.25 m2 
q u ad ra ts  to  f a c i l i t a t e  counting  o f a l l  ram in aria  sacch arin a  and L> 
d io i t a t a .
Large canopy form ing p la n ts  w ere e a s i ly  id e n t i f ie d  t o  sp ec ie s, 
however, i t  was d i f f i c u l t  to  d i f f e r e n t ia t e  sacch arin a  and 
d io i t a t a  when th e  sporophytes w ere < 5 cm h eigh t. Consequently, 
s e p a ra te  counts o f  ju v e n ile  sporophytes and canopy p la n ts  were made in  
each quadrat. This sam pling method y ie ld e d  a  t o t a l  sam pling a re a  of
30.0 m2 a t  S I and 30.0 m2 a t  MR Sampling d a te s  were as  above. Sea 
u rch in s  w ere counted i n  each q u ad ra t along w ith  kelp  p la n ts  a t  Murrey 
Rock and a t  th e  two sh a llo w es t depths (4, 8 m) a t  S ta r  Is land .
To e s tim a te  th e  p o p u la tio n  d e n s i t ie s  o f sea  u rch in s  in  u rch in  
f ro n ts  a t  11.5 m (MR) and 12 m (SI), sep a ra te  photographic surveys were 
conducted w ith  th e  quadrapod (using th e  same techn iques and sample 
s iz e s  a s  d escribed  above). Population  d e n s i t ie s  o f sea  u rch in s  a t  18, 
24, and 32 m a t  S ta r  Is la n d  w ere e s tim a ted  by counting from th e  same 
pho toquadrats taken  fo r  Modiolus surveys. Because two d if f e r e n t  
sam pling techn iques w ere used to  a sse ss  & d roebach iensis  popu la tions, 
only  w ith in  depth com parisons (in s id e  o r o u ts id e  Modiolus beds) o f sea 
u rch in  d e n s i t ie s  were made.
Effect of Physical Disturbance on M. modiolus
To ev a lu a te  th e  ro le  o f storm  d is tu rb an ce  on Modiolus overgrown by
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kelp, th e  number o f d islodged  m ussels c a s t  ashore a t  Sea P o in t (Fig.
11) was e s tim a ted  by conducting surveys from September 1981 to  
October 1983. S trand  l in e s  occurring  along a  409 m t r a c t  o f n o rth  
beach and a  335 m t r a c t  o f south  beach w ere surveyed bim onthly and up 
to  sev e ra l tim es  per week a f te r  severe storm s. A ll d islodged  m ussels 
were counted; no tes  w ere taken  on th e  number of Lam inaria saccharina .
£ . d ia i t a t a .  and Aaarum cribosum p la n ts  a tta c h e d  to  each m ussel.
To avoid counting th e  same d islodged  m ussel tw ice , th e  a tta ch e d  kelp  
was c u t o ff  th e  mussel a s  i t  was counted.
The sheer enorm ity o f th e  s tran d in g s  in  October, 1982; August, 
1983; and O ctober, 1983 made i t  im possib le  to  count a l l  th e  d islodged  
m ussels, th u s  i t  was necessary  to  subsample th e  bands of d is lodged  kelp  
and m ussels washed up on th e  beach. This was accom plished by (1) 
measuring th e  a re a  c f  th e  band o f d islodged  m ussels as a  s e r ie s  of 
rec tan g le s  and (2) making r e p l ic a te  counts in  L0 m2 q u ad ra ts  randomly 
to ssed  onto th e  band o f d islodged  m ussels. To count a l l  m ussels w ith in  
th e  q u ad ra t, I  dug through la y e rs  of ke lp  w ith  a  p itch fo rk . Mean 
d e n s it ie s  c f  d is lodged  m ussels/LO  m2 w ere c a lc u la te d  and an e s tim a te  
of th e  t o t a l  d en s ity  o f m ussels was ob ta ined  by m u ltip ly in g  th e  mean by 
th e  a rea  c f th e  s trand ing . This method probably underestim ated  th e  
a c tu a l number o f m ussels d islodged  because many m ussels w ere bu ried  by 
sand and cobble during  sev ere  storm s. The s iz e  s t ru c tu re  of random 
samples of d islodged  m ussels was determ ined by m easuring th e  s h e l l  
len g th  o f m ussels in  June, 1982 (summer) and February, 1983 (w in ter).
Patch Surveys at Murray Rock
Surveys w ere conducted in  th e  kelp  f o r e s t  a t  8-10 m soon a f t e r  
storm s in  A p ril and O ctober, 1982, and February and August, 1983 to
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e s tim a te  th e  d en s ity  and s iz e  c f  re c e n tly  formed d islodgem ent patches.
A th re e -s id e d  0.25 q uad ra t was b lin d ly  to ssed  onto  th e  bottom  and 
two ty p es  of pa tches w ere q u a n tif ie d : (1) p a tches  i n  Modiolus beds
c rea ted  by th e  dislodgem ent of overgrown m ussels and (2) k e lp  h o ld fa s t 
patches. The two types o f patches w ere e a s y  to  d i f f e r e n t ia t e  because 
ty ssu s  th read s  w ere l e f t  in  m ussel dislodgem ent p a tches w h ile  h o ld fa s t  
patches were ch a ra c te riz e d  by a la rg e  amount of b are  rock and w ere 
bordered by newly f ra c tu re d  c ru s to se  c o ra l l in e  a lgae , n o t m ussels. 
Patches were counted in  te n  r e p l ic a te  0.25 m^ q u ad ra ts  on a lg a l  tu r f  
and in  an equal number o f q u ad ra ts  on Modiolus beds during th e  
q u a r te r ly  sam pling periods. Patches w ere photographed fo r  subsequent 
measurement, which was accom plished by tra c in g  th e  o u tl in e  o f th e  patch  
on a  tra n sp a re n t p l a s t i c  overlay  (placed on th e  Model 260 Kodak 
Ektagraphic P ro jec to r) . The a re a  of th e  tra c e d  pa tch  was measured on a  
G raphics T ab le t connected to  an Apple I I  p lu s  computer.
E ffe c t o f Kelp on Modiolus: Tagging Experiment 
A tagg ing  experim ent te s te d  th e  n u l l  hypo thesis  th a t  k e lp s  have no 
e f f e c t  on th e  a b i l i t y  o f Modiolus to  m a in ta in  space in  th e  shallow  
su b tid a l zone (8 m) a t  Murray Rock. Permanent 1.0 m q u ad ra ts  w ere 
e s ta b lish e d  around s ix  m ussel beds overgrown by k e lp  and s ix  o th e r  
m ussel beds th a t  w ere f r e e  o f a ttach ed  k e lp  (con tro l) because they  
occurred  w ith in  an u rch in  b a rren s  a rea  (Fig. 12). In  November, 1981 a  
t o t a l  o f 50 k e lp  p la n ts  (35 1» saccharina  and 15 I* d io i ta ta )  a tta ch e d  
to  Modiolus w ith in  s ix  perm anent q u ad ra ts  w ere tagged. I  used ry lo n  
e l e c t r i c a l  t i e s  w ith  numbered p la s t i c  d is c  ta g s  g lued onto th e  t i e s  fo r  
kelp  tag s. Tagged p la n ts  w ere surveyed monthly t o  determ ine m ussel 
d islodgem ent ra te s . The n u l l  hypothesis would be re je c te d  i f  th e  r a te
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of m ussel dislodgem ent by ke lp  overgrow th was g re a te r  th an  th e  r a te  o f 
m ussel d islodgem ent (by sh earin g  fo rc e  o f waves) in  th e  k e lp -f re e  
c o n tro l q u ad ra ts . I  repea ted  th e  experim ent in  November, 1982 by 
tagg ing  100 a d d itio n a l k e lp  p la n ts  (46 L» sacch a rin a  and 54 L. 
d io i ta ta ) .  The tagg ing  procedure was s l ig h t ly  m odified  by u sing  Eymo 
la b e ls  superglued onto  th e  ry lo n  t i e s  a s  a  numbering system . Where 
p o ss ib le , ta g s  were a tta ch e d  to  th e  h a p te ra  o f th e  keljx
An underw ater d r i l l  was used to  mark th e  perm anent q u a d ra ts  around 
th e  Modiolus beds. A S ears Craftsm en A ir Hammer (Model TM) was 
converted  in to  an underw ater pneum atic d r i l l  by machining a  tapered  
d r i l l  chuck to  f i t  in to  th e  " to o l end”. Holes were d r i l l e d  in to  th e  
g ra n ite  bedrock a t  lo c a tio n s  corresponding to  th e  to p  2 co rn e rs  o f th e
1 .0  m2 p lo t s  in  October, 198L B rass screw s (1/4 x 3 3/2 inch) w ere 
d riv en  in to  p l a s t i c  masonry s le e v e s  which w ere p rev io u sly  in s e r te d  in to  
th e  d r i l l  ho les. Each perm anent q u ad ra t was numbered by f i t t i n g  a  
numbered p l a s t i c  Cow Ear Tag (Modem Farm Co., Cody, Wyoming) over one 
o f th e  2 b ra ss  screw s, which served  a s  alignm ent p in s  fo r  2 h o les in  
th e  to p  co rn e rs  o f a  L0 m2 aluminum frame, This marking system  was an 
e f f e c t iv e  way of re lo c a tin g  th e  same m ussel bed each month, enab ling  
acc u ra te  counts o f th e  number o f Modiolus rem aining in  tre a tm e n t and 
c o n tro l q u a d ra ts .
E ffe c t o f  Sea U rchins on M. m odiolus: P rch in  Removal Experiment
The hypo thesis th a t  by g raz in g  k e lp  o f f  m ussel s h e l l s ,  sea  u rch in s  
in c re a se  Modiolus su rv iv o rsh ip  by decreasing  th e  r is k  o f d islodgem ent 
was te s te d  by perform ing an u rch in  removal experim ent. An a d d itio n a l 
s e t  of s ix  permanent L0 m2 q u ad ra ts  w ere s e t  up around Modiolus beds 
in  an  u rch in  b arren s  a re a  approxim ately  4 m h o riz o n ta l d is ta n c e  from an
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e s ta b lish e d  k e lp  f o r e s t  (Fig. 12). The q u ad ra ts  were marked by th e  
underw ater d r i l l i n g  techn iques describ ed  p rev iously . A ll &  
droebach iensis  (x d e n s ity  = 107/m2 ±  12.8 SD, n = 12) w ere m anually 
removed from Modiolus beds w ith in  th e  s ix  perm anent LO m2 q u ad ra ts  in  
October, 1981. At l e a s t  2 tim es/m onth fo r  th e  nex t 25 months, a l l  sea  
u rch in s  in  th e  v ic in i ty  of th e  removal p lo t s  w ere smashed 
(approxim ately 50.0 m2 area). The s ix  perm anent q u ad ra ts  around 
Modiolus beds in  an unm anipulated u rch in  b a rren s  a re a  (described in  
p rev ious sec tion ) served a s  c o n tro ls  fo r  th e  e f f e c t  of u rch in  removal 
on Modiolus su rv ivo rsh ip . These m ussel beds h e re a f te r  term ed grazed 
c o n tro l q u ad ra ts , w ere h eav ily  grazed by & d roebach iensis  which 
occurred  in  d e n s i t ie s  ranging from 75 to  180 urch ins/L O  m2 throughout 
th e  two y ea r experim ent. I f  th e  typo th e s is  was c o rre c t, then  th e  
removal of £. d ro ebach iensis  from Modiolus beds should r e s u l t  in  th e  
se ttle m e n t and grow th of k e lp  on m ussels, le ad in g  to  g re a te r  m o r ta li ty  
o f Modiolus (v ia k e lp  induced dislodgem ent) th an  in  grazed co n tro l 
p lo ts .
To determ ine th e  m o r ta li ty  ra te s  o f m ussels in  u rch in  removal and 
grazed c o n tro l p lo ts ,  th e  m ussel beds were censused each month. This 
was accom plished by f i t t i n g  a  1.0 m2 aluminum fram e onto  th e  alignm ent 
screw s and tak in g  fo u r 0.25 m2 q u ad ra t photographs w ith in  th e  L0 m2 
fram e w ith  th e  quadrapod. The grazed c o n tro l p lo t s  were 
pho tog raph ica lly  censused f o r  th e  e n t i r e  experim ental p eriod , however, 
by February, 1982 a lg ae  s e t t l in g  in  th e  removal p lo ts  obscured th e  
m ussels so photographic censusing was abandoned. From February, 1982 
on, th e  number o f m ussels rem aining in  th e  removal p lo t s  w ere counted 
in  s i t u  each month. Beginning in  December, 1982 when ju v e n ile  ke lp
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f i r s t  appeared in  th e  u rch in  removal p lo ts ,  th e  d en s ity  o f  L> 
sacch arin a . L> d io i ta t a .  and £ . cribosum  in  th e  LO m2 removal q u ad ra ts  
were counted I d s i tu .  D esp ite  freq u en t u rch in  smashing, an u rch in  
f ro n t  advanced in to  th e  edge o f th e  u rch in  removal a re a  between 
February and March, 1982 and e lim in a ted  th e  a lg ae  in  one o f th e  s ix  
removal quadrats. Consequently, t h i s  q u ad ra t was dropped from th e  
experim ent, and th e  a n a ly s is  o f u rch in  removal e f f e c ts  was based on th e  
rem aining f iv e  LO m2 quad ra ts. Two o th e r sources o f Modiolus 
m o r ta l i ty  (in  a d d itio n  to  dislodgem ent) w ere: (1) p red a tio n  by
A s te r ia s  v u lg a r is  and (2) p red a tio n  by s h e l l  crush ing  p re d a to rs  (crabs 
and lo b s te rs ) .  P red a tio n  by A ste r ia s  was d i r e c t ly  w itnessed  and noted 
in  monthly censuses o f m ussel beds in  grazed c o n tro l and u rch in  removal 
q u ad ra ts. P redation  by c rab s  and o r  lo b s te r s  was in fe r re d  from crushed 
Modiolus s h e l l s  appearing in  th e  m onitored mussel beds.
M. modiolus Gonad and Body. Weight. A nalysis 
To t e s t  th e  hypo thesis  th a t  ke lp  overgrowth decreases th e  gonad 
and o r body w eight o f  Modiolus, approxim ately  50 la rg e  (> 8.0 cm s h e l l  
leng th) m ussels w ith  a ttach e d  kelp  and 50 la rg e  m ussels w ithou t ke lp  
were c o l le c te d  from th e  same h a b i ta t  a t  8 m depth a t  Murray Rock. 
M ussels w ere frozen  a t  -20°C. Color o f th e  gonad was used a s  a  
c r i t e r io n  fo r  sex d e te rm in a tio n ; fem ales have b r ig h t  orange red  gonads 
and m ale gonads a re  y e llo w ish  w h ite  (Wiborg, 1946). Gonads were 
c a re fu l ly  d is se c te d  away from th e  m antle  t i s s u e ,  then  gonads and body 
t i s s u e  (m antle and muscle) samples w ere d r ie d  fo r  24 hours a t  65°C, and 
th en  weighed on a  M e ttle r  balance. P r io r  to  d is s e c tio n , th e  h e ig h t, 
w id th , and le n g th  o f each s h e l l  were measured w ith  c a lip e rs .
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Patch R eco lon ization  Experiments 
To examine th e  a b i l i t y  c f  ke lp  and Modiolus to  reco lo n ize  patches 
o f f r e e  space c rea ted  by th e  dislodgem ent o f overgrown m ussels and 
kelp, I  conducted two patch  reco lo n iza tio n  experim ents beneath th e  kelp  
canopy a t  Murray Rock (8-9 m). N atural dislodgem ent d is tu rb an ce  was 
s im u la ted  ty  c re a tin g  r e p l ic a te  c le a r in g s  in  Modiolus beds (m ussel/bed 
patches) and in  th e  t u r f  o f understory  red  a lgae  (a lg a l t u r f  patches), 
lh e  hypo thesis  te s te d  was th a t  kelps have a  f a s te r  response to  
d is tu rb an ce  th an  Modiolus and a re  ab le  to  reco lo n ize  dislodgem ent 
patches more rap id ly  than  Modiolus. Mussel bed patches w ere c re a te d  ky 
removing a l l  Modiolus in  a  115.0 cm2 a re a  (approxim ate s iz e  o f n a tu ra l 
patches — see below) on th e  bed. The underly ing  rock su rface  was 
scraped w ith  a  p a in t  scraper t o  remove en c ru s tin g  organism s. The 
procedure l e f t  a  c le a r in g  dominated by bare  rock, c ru s to se  c o ra l l in e  
algae , and a  m at of byssus th read s, which was n ea rly  id e n t ic a l  to  
n a tu ra l m ussel dislodgem ent patches (Fig. 20). Patch s i t e s  were 
e s ta b lish e d  by b lin d ly  throw ing a  115 cm2 q u ad ra t onto  m ussel beds. 
F if te e n  r e p l ic a te  patches w ere c rea ted  a t  th e  end o f October, 1982 
sh o r tly  a f te r  a  severe n o rth e a s t storm. I  chose t h i s  tim e  to  i n i t i a t e  
th e  c le a r in g s  because i t  was apparen t from th e  beach surveys o f 
d islodged  m ussels th a t  storm  d is tu rb an ces  were common during  th e  f a l l ,  
and th e  experim ent was meant t o  s im u la te  n a tu ra l d is tu rb an ce  a s  c lo se ly  
a s  p o ss ib le . The two to p  co rners  of each re c ta n g u la r  115.0 cm2 patch  
were marked w ith  a  blob o f Sea-Goin Epoxy P utty . The epoxy marks 
served  a s  alignm ent p o in ts  fo r  a  3:1 Subsea c loseup  fram er a tta ch e d  to  
a  Nikonos underw ater cam era The patches were photographed on 16 
monthly v i s i t s  over a  20-month in te rv a l  which enabled an assessm ent o f
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re c o lo n iz a tio n  p a t te r n s .
An equal number of 115 cm2 a lg a l t u r f  p a tch es  w ere c re a te d  fcy 
sc rap in g  m acroscopic a lg ae  o f f  th e  rock su rfa c e  w ith  a  p a in t  sc raper. 
Patch s i t e s  in  th e  a lg a l t u r f  w ere lo c a te d  fcy b lin d  115 cm2 quad ra t 
to sse s . This experim ent s im u la ted  patches formed fcy th e  dislodgem ent 
o f k e lp  p la n ts  a t  th e  h o ld fa s t base which occurred  during severe  
storm s. H o ld fast dislodgem ent u su a lly  removes underly ing  c ru s to se  
c o ra l l in e  a lg ae  adhering to  th e  base c f  th e  h o ld fa s t, le av in g  a  pa tch  
o f  bare  rock corresponding to  th e  same b a sa l a re a  a s  th e  h o ld fa s t . 
N atural h o ld fa s t patches ranged from 39.0 to  122.0 cm2; consequently , 
th e  115.0 cm2 patches were w ith in  th e  n a tu ra l s iz e  range. Epoxy marks 
w ere p laced  a t  th e  to p  co rn ers  o f each rec tan g u la r  pa tch , and they  were 
photographed (as above). The a lg a l  tu r f  pa tch es  w ere ra p id ly  
reco lon ized  by algae, which made i t  d i f f i c u l t  t o  re lo c a te  th e  epoxy 
marks. Two of th e  15 a lg a l  p a tch es  w ere lo s t .  Therefore, th e  a n a ly s is  
o f  re c o lo n iz a tio n  to  a lg a l patches was based on 13 r e p l ic a te  patches. 
D en s itie s  o f ke lp  spo ro p ty tes  s e t t l i n g  in  both th e  m ussel bed and a lg a l 
pa tches w ere counted during  monthly v i s i t s .  Both m ussel and a lg a l  
p a tch es  w ere lo c a te d  below a  ke lp  canopy and were open to  g raz ing  
c h ito n s , lim p e ts , sea  u rch in s , and gastropods. Along w ith  th e  monthly 
k elp  counts, g raze r d e n s i t ie s  (T on ice lla  marmorea, Acroaea testu d inalis, 
Strongylocffltrotus droebachiensig, Lacuna v in c ta ) were de te rm in ed  in  
a d d itio n , monthly counts o f th e  number o f Lacuna egg m asses and Lacuna 
graz ing  h o le s  in  th e  kelps reco lo n iz in g  th e  patches w ere made.
R eco lon ization  p a t te rn s  were reco n s tru c ted  fcy analyzing  th e  patch  
photographs. The co lo r tra n sp a re n c ie s  w ere p ro je c te d  on to  th e  sc reen  
of a  Kodak Ektagraphic P ro je c to r  Model 260. A tra n sp a re n t p l a s t i c
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sh e e t w ith  100 randomly p laced  2 mm c i r c l e s  on i t  was overlayed  on th e  
p ro je c to r  screen . A ll organism s under each c i r c l e  w ere id e n t i f i e d  t o  
m ajor taxon and counted, y ie ld in g  an e s tim a te  o f p e rcen t cover 
(m o d ifica tio n  o f th e  methods o f Dayton, 1971; and Sebens, 1984a). I t
\ was p o s s ib le  to  id e n t i fy  organism s > 0.5 mm maximum dim ension in  th e
)
photographs. As th e  pa tches w ere co lon ized  and dominated by ke lp  
sporophytes, th e  k e lp  canopy obscured some of th e  understo ry  organism s 
and i t  was d e a r  t h a t  v a r ia t io n  in  th e i r  p e rce n t cover would be la rg e ly  
due to  v a r ia t io n  in  th e  amount o f ke lp  covering th e  substratum . 
Therefore, when th e  k e lp  canopy exceeded 15% cover in  th e  patch , th e  
p e rce n t cover o f understo ry  organism s was n o t q u a n t i f ie d
Mussel Recruitm ent Study 
A c r i t i c a l  p a r t  o f the  kelp>-mussel in te r a c t io n  in v d v e s  th e  
a b i l i t y  o f each sp e c ie s  to  reco lo n ize  d is tu rb an ce  produced patches 
which i s  a  fu n c tio n  o f rec ru itm e n t ra te s . A sam pling program was 
i n i t i a t e d  i n  October, 1982 to  examine th e  r a te s  o f m ussel rec ru itm e n t 
t o  Modiolus beds and to  th e  t u r f  of red  algae. On a  monthly b a s is  from 
October, 1982 to  November, 1983, 5 r e p l ic a te  0.0156 (1/64 m^) a rea s
o f Modiolus beds and 5 r e p l ic a te  0.0156 m  ^ a rea s  o f a lg a l tu r f  were 
sampled w ith  an a i r l i f t .  The sam pling procedure co n s is te d  o f b lin d ly  
to s s in g  th e  0.0156 q u a d ra t on to  th e  bottom. I f  i t  landed on a  
Modiolus bed, th e  m ussels w ith in  th e  q u ad ra t w ere p u lle d  o u t o f th e  bed 
w h ile  sim ultaneously  vacuuming w ith  th e  a i r l i f t .  The rem aining fauna 
and d e b ris  w ere a i r l i f t e d  in to  a  N itex  mesh bag (100 urn mesh s ize ) a t  
th e  end o f th e  a i r l i f t .  I f  th e  quad ra t landed on th e  red  a lg a l t u r f  
o u ts id e  th e  m ussel bed, th e  a lg ae  in  th e  q u ad ra t was scraped o f f  th e  
rock w ith  a  p a in t  sc rap er. The a lgae  was sucked up in to  th e  N itex bag
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a s  i t  was removed Both m ussel bed and a lg a l t u r f  sam ples were 
c o lle c te d  from 8-9 m depth a t  Murrey Rock.
A i r l i f t  sam ples w ere fro zen  a t  20°C fo r  se v e ra l weeks u n t i l  
t r a n s fe r re d  to  8% b u ffe red  fo rm alin . The sam ples were so r te d  under th e  
m icroscope and a l l  re c e n tly  s e t t l e d  m ussels (p lan tig rades) were 
counted  The s iz e  range of p la n tig ra d e s  was approxim ately  300 to  
1000 urn maximum dim ension; m ost were approxim ately  500 urn s ize . By 500 
to  600 urn s iz e f th e  umbo was sub term inal/ which i s  a  d is tin g u ish in g  
c h a r a c te r i s t ic  o f  U. m odiolus (Soot-Ityen 1955). Although some tqy t i lu s  
e d u lis  p la n tig ra d e s  w ere undoubtably included in  th e  counts, my 
q u a l i ta t iv e  im pression  i s  th a t  most o f th e  p la n tig ra d e s  w ere &  
m odiolus.
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Zonation P a tte rn s
A d i s t i n c t  p a t te rn  o f depth zonation  betw een ke lp  (T am inaH a 
d io i ta ta  and L. saccharina) and th e  ho rse  m ussel (Modiolus modiolus) 
was ev id en t a t  th e  two s tu d / s i t e s  (pig. 13). Kelps w ere abundant a t  
shallow  depths (4-8 m), a t ta in e d  maximum mean d e n s it ie s  a t  8 m (6.8 ±
2.6 SDL. d i g i t a t a  and 5.3 ± 5 .2  SDL. s a c c h a r in a  p la n ts /0 .2 5  m2 , n = 
40) , and d ec lined  sharp ly  t o  11-12 m d e p th  The mixed sp ec ie s  s tands 
of ke lp  formed a  canopy 1-2 m above th e  rock substratum . The depth 
d is t r ib u t io n  o f ju v e n ile  Lam inaria sp o rop ly tes  beneath  th e  canopy 
(Table 6) m irro red  th e  d is t r ib u t io n  of th e  la rg e r  canopy form ing p la n ts  
(P ig. 13).
Rock su rfaces  a t  in te rm e d ia te  depths (11 to  18 m) were 
ch a ra c te rized  by high d e n s i t ie s  o f U. m odiolus, which formed beds 
ranging in  s iz e  from 0.1 m2 to  2.2 m2. Modiolus d e n s i t ie s  w ere lew a t  
the  sh a llo w est depths sampled (8 m MR, 4 m S I), in c re ased  ab ru p tly  
betw een 8 and 12 m to  17-18 m w here peak d e n s i t ie s  o f 39.4 ±  19.8 (SD, 
n = 36) and  11.6 ±  13.9 (SD, n = 32) m u sse ls /0 .2 5  m2 o c c u rre d  a t  MR and 
SI, re sp ec tiv e ly . The in v e rse  r e la t io n s h ip  betw een th e  abundance of 
Laminar i a  spp. and &  m odiolus i s  c le a r ly  ev iden t in  F ig . 13. As 
Lam inaria d en sity  decreased, U. m odiolus d en sity  inc reased  sharp ly  w ith  
depth below th e  T a m l n a r i a  dominated zone, suggesting  a  negative  
in te ra c t io n  betw een Lam inaria spp. and U. m odiolus a t  shallow  depths. 
Kelps and m ussels c o e x is t in  eco tonal a rea s  betw een 8-10 m depth a t  
Murray Rock and 4-10 m depth a t  S ta r  I s la n d
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High d en s ity  agg reg a tio n s  or " fro n ts"  o f S tronay locen tro tu s 
d roebach iensis  a t  11 m (HR) and 12 m (SI) were a  c h a r a c te r i s t ic  fe a tu re  
o f th e  t r a n s i t io n  betw een th e  shallow  Lam inaria zone and th e  deeper 
Modiolus zone (pig. 14). The u rch in  f r o n t  was p re sen t a t  Hurray Rock 
fo r  th e  d u ra tio n  of th e  th re e  y ear study, and s in ce  1977 a t  S ta r 
I s la n d  With th e  excep tion  of th e  u rch in  f ro n ts ,  d e n s it ie s  o f sea  
u rch in s  w ere s ig n if ic a n t ly  h igher in s id e  m ussel beds than  o u ts id e  b o th  
a t  depths w ith in  th e  kelp  zone and below th e  kelp  zone a t  Murray Rock 
(P ig. 14; F = 31 .0 , 8 m; F = 59 .5 , 11 m; F = 55 .6 , 14 m; F = 50 .5 , 17 
m; a l l  p  < .001, 1,38 d f , 1-way MCVA). S im ila r ly , a t  S ta r  Is la n d  sea 
u rch in s  were s ig n if ic a n t ly  more abundant i n  Modiolus beds than  o u ts id e  
(F = 15 .1 , p  < .001 , 1 , 38 d f ,  4 m; F = 5 .5 , p  < .05 , 1 ,3 8  d f ,  8 m; F = 
5 .2 , p  < .0 5 , 1 ,3 2  d f ,  18 m; F = 6 .1 , p  < .0 5 , 1,32 d f ,  24 m; F = 4 .9 , 
p  < .05, 1,32 d f , 32 m, 1-way MCVA). The only excep tions occurred  a t  
11 and 12 m where u rch in s  formed f ro n ts  o u ts id e  th e  m ussel beds.
Mussel Recruitm ent 
F ig u re  15 shows th e  d en s ity  o f re c e n tly  s e t t l e d  n y t i l i d  
p la n tig ra d e s  to  Modiolus beds and a lg a l  tu r f  h a b i ta ts  a t  8-9 m depth 
Murray Rocfe W ith th e  excep tion  o f June, 1983, p la n tig ra d e  d e n s it ie s  
w ere s ig n if ic a n t ly  h igher in  th e  red  a lg a l  tu r f  (p rim arily  Pty llo p h o ra  
sp p  and Phycodrys  rvfaens) than  in  15. m odiolus beds A? = 7.86, 1,7 d f, 
p  < .05 O c to b er; F = 15 .25 , 1,9 d f ,  p  < .005 F e b ru a ry ; F = 233.75,
1,8 d f, p  < .001 September; 1-way ANCVA). There was no s ig n if ic a n t  
d iffe re n c e  in  p la n tig ra d e  d e n s it ie s  betw een h a b i ta ts  in  June, 1983 (F = 
L97, 1,8 d f , p  > .05, 1-way fflJCWA). D ifferences in  th e  d en s ity  o f 
rece n tly  s e t t l e d  p la n tig ra d e s  w ere p a r t ic u la r ly  s t r ik in g  in  October, 
1982 and September, 1983 when mean d e n s i t ie s  were an order of magnitude
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h igher i n  a lg a l  t u r f  during  b o th  months. Ih e re  was s ig n if ic a n t  
tem poral v a r ia t io n  in  rec ru itm e n t o f ray t i l  id s  to  b o th  h a b i ta ts .
H ighest p o s t-s e tt le m e n t d e n s i t ie s  in  a lg a l  t u r f  occu rred  in  October 
1983, dropped to  s ig n if ic a n t ly  low er d e n s i t ie s  in  F ebruary  and June 
OP = 10.55, 1 ,9  d f ,  p  < .025 F e b ru a ry ; F = 5 .84, 1 ,8  d f ,  p  < .05 Ju n e ; 
1-way ANCVA), and in c re ased  sh arp ly  t o  September 0? = 34.0, 1,8 d f, 
p  < .001, 1-way 2NCVA). P lan tig rad e  d en s ity  was s ig n if ic a n t ly  h igher 
i n  f a l l  1983 th a n  i n  f a l l  1982 (F = 5 .99 , 1 ,8  d f , p  < .05 ). The 
abundance o f n y t i l i d  p la n tig ra d e s  in  Modiolus beds decreased  
s ig n if ic a n t ly  from a  maximum mean d en s ity  o f 208 ±  83.2 SD/0.0156 m  ^ in  
O ctober 1982 to  38.8 ±  9.8 SD/0.0156 m  ^ in  February  1983 0? = 45.87,
1 ,7  d f , p  < .001 MCVA). D e n s itie s  o f re c e n tly  s e t t l e d  m y tilid s  in  
Modiolus beds in c reased  between February and June 0? = 45.8, 1,8 df, 
p  < .001 MCVA), however, se tt le m e n t d e n s i t ie s  w ere no t s ig n if ic a n t ly  
d i f f e r e n t  betw een June and September.
In  summary, m ussel se tt le m e n t was h igh  during b o th  f a l l  sampling 
p erio d s , and low in  w in te r  and e a r ly  summer.
P hysica l D isturbance 
Mussel Dislodgement a t  Sea P o in t
F ig u re  16 shows th a t  la rg e  numbers o f &  m odiolus w ith  a ttach e d  
kelp  w ere d islodged  and c a s t  ashore  on th e  n o rth  and south  beaches a t  
Sea P o in t betw een September, 1981 and O ctober, 1983. Overgrown m ussels 
were d islodged  every month, however, very  few m ussels «  50) were 
d islodged  during th e  months of May, Ju ly  (1982) and January  (1983). A 
t o t a l  o f  60,912 re c e n tly  s tran d ed  Modiolus had kelp  a tta ch e d  to  th e i r  
s h e l l s ;  ho rse  m ussels la ck in g  a tta c h e d  a lg a e  w ere never observed during 
dislodgem ent surveys. There w ere m assive s tran d in g s  (> 2500 m ussels
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dislodged) in  A p ril, June, August, and October. An ex trem ely  la rg e  
s tran d in g  occurred  in  O ctober, 1982 when 34,888 Modiolus were 
dislodged. A fte r th i s  d is tu rb an ce , d islodged  kelp  and m ussels formed a  
continuous la y e r  approxim ately 1.0 to  1.5 m th ic k  and 3-4 m w ide along 
th e  no rth  and sou th  beaches (409 and 335 m long, re sp e c tiv e ly ).
S ize  frequency d is t r ib u t io n s  co n s tru c ted  from random sam ples o f 
m ussels d islodged  in  June, 1982 and February, 1983 in d ic a te d  th a t  th e  
d is tu rb an ces  a f fe c te d  predom inate ly  la rg e  Modiolus (Fig. 17). In  bo th  
summer (June) and w in te r  (February) sam ples, th e  m ajor mode was 
cen tered  around th e  8-9 cm (s h e ll leng th ) s iz e  c la ss . The n u ll 
hypo thesis t h a t  m ussels d islodged  during th e  summer and w in te r  had th e  
same s iz e  frequency d is t r ib u t io n  was accepted  (p > .05, Kolmogorov- 
Smirnov te s t ) .  S ince sexual m a tu rity  in  &  modiolus i s  a t ta in e d  a t  a  
s h e l l  le n g th  o f 3-4.5 cm (Brown and Seed, 1977), i t  can be in fe r re d  th a t  
th e  m a jo rity  of d islodged  m ussels a re  sexually  m ature (Fig. 17).
Modiolus was d islodged  fo llo w in g  overgrowth by Lam inacia d ig i t a t e ,  
lo  saccharina . Aaarum cribosum or any com bination of th e se  on th e  same 
mussel (Table 7). Dislodgement fo llo w in g  overgrow th by A la r ia  
e sc u le n ta  was r a re ly  observed  3he m a jo rity  o f Modiolus c a s t  ashore  
(> 50%) had L. d i a i t a t a  p la n ts  a tta c h e d  to  th e  s h e lls .  Moreover, 
s in g le  m ussels w ith  1 a tta c h e d  JU d ia i t a t a  p la n t  w ere d islodged  m ost 
f req u en tly , u su a lly  com prising 40 to  60% of th e  t o t a l  number of m ussels 
s tra n d e d  Up to  11 m ussels w ere d islodged  a s  a  s in g le  u n it ,  however, 
such la rg e  m ussel clumps w ere r a re ly  encountered  M ussels w ere 
commonly d islodged  in  clumps of two (approxim ately 10% of th e  t o t a l  
m onthly  s tran d in g s).
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Storm C onditions
Massive s tran d in g s  o f kelp overgrown Modiolus occurred  when severe  
storm s s tru c k  th e  c o a s tl in e  o f New Hampshire and sou thern  Maine.
Marine w eather d a ta  recorded from White Is lan d , I s le s  o f Shoals, 
in d ic a te d  th a t  4 of th e  5 la rg e s t  s tran d in g s  a t  Sea P o in t occurred  
during m ajor n o r th e a s t storm s (n o rth e a s te rs ; Table 8). Both of th e  two 
la rg e s t  s tran d in g s  w ere caused by  n o rth e a s t storm s in  October, They 
had an extrem ely  d e s tru c tiv e  e f f e c t  on Modiolus popu la tions because 
they  la s te d  fo r  se v e ra l days (Table 8). The m ost d e s tru c tiv e  storm  
began on October 12, 1982 and was s t a l l e d  i n  th e  sou thern  G ulf of Maine 
fo r  e ig h t days g en era tin g  waves > 3.96 m h igh  fo r  th e  e n t i r e  period. 
Wave h e ig h ts  b reak ing  along th e  co as t exceeded 5 m (N ational Weather 
Serv ice , P o rtland , ME) and b reak e rs  > 6 m high  im pacted Murray Rock 
(p e rso n a l observations).
Monthly maximum wave h e ig h t a t  White Is la n d  was c o r re la te d  w ith  
th e  number o f Modiolus d islodged  a t  Sea P o in t (r = .73, p  < .05, n  = 
26). F iv e  y e a rs  of wave h e ig h t d a ta  from th e  W hite Is la n d  s ta t io n  
in d ic a te d  th a t  th e  l a r g e s t  waves (> 2 m) occurred  betw een October and 
March (Fig. 18). Therefore, th e  sea co n d itio n s  a s so c ia te d  w ith  mussel 
dislodgem ent a re  roost l ik e ly  to  occur during  f a l l  (October) t o  l a t e  
w in te r  (March). Based on th e  frequency of storm s genera tin g  wave 
h e ig h ts  > 2 m, January  was th e  roughest month w ith  36% of such storm s 
occurring  in  January  (Table 9). December and October w ere ranked 
second roughest, w ith  18% of sto rm s producing waves > 2 m. Table 9 
shews th a t  most of th e  la rg e  sto rm s w ere genera ted  by n o rth e a s t winds 
(7 o f 11). The ex trem ely  la rg e  waves produced during th e  October 1982 
n o rth e a s t storm a re  shown in  F ig . 18. A d is tu rb an ce  of t h i s  magnitude
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
occurred  only once in  f iv e  y e a rs  (Fig. 18, T&ble 9).
Patch  Form ation a t  Murray Rock
Mussel D islodgem ent Patches. Table 10 l i s t s  th e  d en s ity  and s iz e  
c£ patches form ed in  Modiolus beds during storm s. Patch d e n s it ie s  
w ith in  m ussel beds ranged from a  mean o f 0.9/0.25 m2 in  summer to  
2 .5 /0 .2 5  m2 in  f a l l .  The n u l l  hypo thesis th a t  th e  d e n s ity  of pa tches 
formed in  d i f f e r e n t  seasons was th e  same was re je c te d  (H = 23.58, 
p  < .005, Kruskal W allis  te s t ) .  The h ig h e s t den sity  of patches 
occurred  in  th e  f a l l .  The s iz e  o f mussel bed  patches ranged from
25.0 cm2 c re a te d  by th e  dislodgem ent c f a  s in g le  m ussel (Fig. 19) to  
445 cm2. F ig u re  20 shows an average s iz e  (105 cm2) p a tch  genera ted  by 
th e  dislodgem ent c f  cvergrown Modiolus. Mean patch s iz e s  ranged from
91.0 cm2 ( f a l l )  t o  122.0 cm2 (w in ter). The n u ll hypo thesis  t h a t  th e  
s iz e  c f  patches c re a te d  in  d i f f e r e n t  seasons was the  same was accep ted  
(H = L 2 , p  > .05, Kruskal W a llis  t e s t ) .  The p ercen t c f  m ussel bed 
removed was h ig h e s t a f te r  th e  f a l l  storm  (9.11%) and lo w est a f te r  the  
summer storm  (3.49%).
Kelp H oldfast Patches. Table 11 g iv es  th e  c h a r a c te r i s t ic s  of 
patches formed when kelp  p la n ts  (fc d ic i t a t a  and h .  saccharina) were 
d islodged  a t  th e  h o ld fa s t  base. On th e  average, a  minimum c f 0.5 
pa tches/0 .25  m2 appeared a f te r  a  summer storm , w h ile  a  maximum of 1.3 
p a tches/0 .25  m2 appeared a f t e r  a  f a l l  storm . The n u ll  hypo thesis th a t  
c h a ra c te r i s t ic s  o f h o ld fa s t pa tches were th e  same fo r  th e  seasons 
sampled was re je c te d  fo r  patch  d en s ity  (H = 10.87, p  < .025), b u t 
accepted fo r  patch  s iz e  (H = 3.81, p  > .05, Kruskal W allis  t e s t ) .  As 
in  th e  m ussel dislodgem ent pa tches, th e  maximum amount c f  patch  space 
(4.88%) was genera ted  during th e  O ctober, 1982 n o rth e a s te r .
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In te ra c tio n s  Between Kelp. Sea U rchins, and Mussels 
E ffe c t o f  Kelp on Modiolus; Tagging Experiment
S urv ival curves c f  tagged m ussels a t  Hurray Rock in d ic a te  th a t  
m ussels overgrown by kelp  a re  re g u la r ly  d islodged  in  th e  L am inaria 
dominated zone (Pig. 21), y e t  no Modiolus w ere d islodged  in  th e  c o n tro l 
qu ad ra ts  (pig. 24). Thus, kelp  overgrowth c le a r ly  has a  neg a tiv e  
e f f e c t  on th e  sucv iv o rsh ip  o f Modiolus in  th e  Lam inaria zone a t  Murray 
Rock. In  1981-82, 84% o f th e  tagged m ussels w ere d islodged  in  11 
months. During monthly tag  censuses, sea u rch in s  w ere observed g raz ing  
tagged kelp  p la n ts  o f f  m ussels; th e  kelp a tta c h e d  to  th e  rem aining 16% 
of th e  1981-82 tagged m ussels w ere consumed by  £  d roebach iensis  
re s id in g  in  th e  Modiolus beds. Dislodgement r a te s  w ere h igher in  th e  
1982-83 tagging  perio d , a s  50% of th e  tagged m ussels w ere d islodged  in  
4 months (pig. 21). A ll overgrown and tagged m ussels w ere l o s t  w ith in  
9 months; 78% w ere d islodged  and 22% w ere removed by £  d roebach iensis  
chewing through th e  kelp  s t ip e s .  There w ere no ta g  lo sse s .
Kelp overgrown m ussels th a t  were d islodged  from th e  shallow  
Modiolus beds (8-10 m) accum ulated in  a  g u lly  a t  14 m (pig. 21). 
Tw enty-four o f th e  150 tagged overgrown m ussels w ere found in  th e  
g u lly , in d ic a tin g  th a t  a t  l e a s t  16% of d is lodged  Modiolus were 
tra n sp o rte d  deeper in to  th e  sub t i d a l  zo n a  The kelp  p la n ts  th a t  w ere 
swept in to  th e  g u lly  w ere ra p id ly  consumed by sea  u rch in s  which made i t  
d i f f i c u l t  to  recover th e  tagged overgrown m ussels. The g u lly  f lo o r  was 
covered by ex ten siv e  s h e l l  beds o f a r t i c u la te d  and d is a r t ic u la te d  
Modiolus s h e lls .  My o b servations  suggest th a t  th e  s h e l l  beds w ere 
formed by th e  dislodgem ent of m ussels fo llow ing  k e lp  overgrow th in  th e  
shallow  su b tid a l zo n a
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Sea Urchin Removal Experim ent
The removal of sea  u rch in s  from m ussel beds le d  to  th e  ra p id  
e s tab lish m en t of kelp  (Fig. 23). One month a f t e r  u rch in  rem oval, th e  
mean d en s ity  o f ke lp  sporophytes was 1.0 ±  3.5 (SD)/L0 m2. Between 
November, 1981 and May, 1982 mean kelp  d e n s i t ie s  in c re ased  
ex p o n en tia lly  in  th e  u rch in  removal q u ad ra ts :
y  = .48 e  ,85x
w here  y  = mean k e lp  d e n s i ty /1 .0  m2 , x = m onths, r 2 = .9 9 , n = 7 . By 
May, 1982 th e  u rch in  removal a re a  was densely populated  w ith  kelp 
(167.4 ±  49.8 SD p lan ts /L O  m2). On June 8, 1982 a  n o rth e a s t storm  
brought about a  s ig n if ic a n t ,  2.7 fo ld  red u c tio n  in  kelp d e n s i t ie s  (F = 
25.7, 1,8 d f, p  < .001, 1-way ANCVA). Another s ig n if ic a n t  red u c tio n  in  
kelp  abundance in  th e  u rch in  removal q u ad ra ts  was caused by the  severe  
n o rth e a s te r  on October 12, 1982 (F = 5.32, 1,8 d f, p  < .05, 1-way 
ANO/A). A fte r 25 months of sea  u rch in  removal mean kelp d en s ity  was 
46.6 ±  18.95 (SD) p la n t s /1 .0  m2 .
Continual g raz ing  by S trong y lo cen tro tu s  in  th e  grazed  c o n tro l 
q u ad ra ts  prevented kelp  from evergrow ing Modiolus beds. However, in  
March 1983 I  observed 5 L. d io i t a t a  p la n ts  and 1 D esm arestia v i r i d i s  
p la n t  i n  th e  v ic in i ty  of th e  grazed  c o n tro l q u ad ra ts  in  th e  u rch in  
barren s , Tam inaria d i a i t a t a  p la n ts  achieved  a  tem porary escape from 
urch in  g raz ing ; they were consumed w ith in  a  month a f te r  they  w ere 
n o tic e d  T heir occurrence suggests  t h a t  th e  f a i l u r e  of kelps to  become 
e s ta b lis h e d  in  th e  c o n tro l q u ad ra ts  re s u lte d  from  u rch in  g razing , n o t 
due to  th e  l im i ta t io n s  of L am inaria spore d isp e rsa l.
W ithin 7 months a f te r  removal of re s id e n t  u rch ins from th e  m ussel
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beds, ke lp  overgrown Modiolus w ere d islodged  (Fig. 24). Monthly r a te s
d islodged  from th e  g razed  c o n tro l q u ad ra ts  where u rch in  g raz ing  kept 
m ussels f r e e  o f kelp* v a l id a tin g  th e  hypothesis th a t  sea u rch in s  
in c rease  Modiolus su rv iv o rsh ip  by reducing th e  r i s k  o f dislodgem ent 
fo llo w in g  kelp  overgrowth. Mussel dislodgem ent in  th e  u rch in  removal 
q u ad ra ts  a t  Murrey Rock was s ig n if ic a n t ly  c o r re la te d  w ith  m ussel 
dislodgem ent a t  Sea P o in t (r  = .85, p  < .025, n = 24) in d ic a tin g  th a t  
wave genera ted  d is tu rb a n ces  w ere synchronous betw een c o a s ta l and 
o ffsh o re  s i t e s .
As a  r e s u l t  o f removing th e  sea  u rch in  f ro n t ,  which was p rev io u sly  
lo c a te d  a t  th e  s i t e  o f th e  rem oval q u ad ra ts , th e  lcw er edge of th e  kelp 
zone extended deeper in to  th e  s ib  t i d a l  (Table 12). I t  stopped a t  
12.5 m depth  where th e  g e n tly  s lop ing  substratum  dropped o ff  sharp ly  
in to  a  g u lly .
I t  i s  c le a r ly  ev id en t from F ig u re  25 th a t  of th e  th re e  sources of 
m o r ta li ty  a f f e c t in g  a d u l t  Modiolus popu la tions, kelp  induced 
dislodgem ent i s  f a r  more im portan t than  p red a tio n  by th e  sea s ta r  
A s te r ia s  v u lg a r is  or by c rab s  and lo b s te rs . Monthly m o r ta l i ty  from 
kelp  dislodgem ent exceeded 5% during  th re e  months and reached a  maximum 
o f 7% in  O ctober, 1982. In  c o n tra s t ,  monthly m o r ta l i ty  from  A ste ria s  
p red a tio n  was u su a lly  < 0.5%; a  maximum of 1% m o rta li ty  occurred  in  
August, 1983. S h e ll crush ing  p red a to rs  (crabs and lo b s te rs )  were 
com paratively  unim portant. Due to  th e  absence of kelp  dislodgem ent 
m o r ta li ty ,  p e rc e n t m o r ta l i ty  o f Modiolus was 30 tim es  low er in  th e  
grazed  c o n tro l q u ad ra ts  th an  in  th e  u rch in  removal q u ad ra ts .
o f m ussel dislodgem ent w ere h ig h ly  v a r ia b le , ranging from 1 to  43 
m ussels/5 .0  m^ a f te r  th e  O ctober, 1982 n o rth e a s te r . No Modiolus w ere
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1  Grazing Halos
I  Mary Modiolus beds w ith in  th e  kelp  dominated zone (4-8 m) had a
K
1  band around th e  p e rim e te r of th e  m ussel bed th a t  was devoid of u p rig h t
i  m acroalgae, which was caused by sea  u rch in s fo rag ing  ou t from th e
1  m ussel beds t o  feed  on m acroalgae (pig. 26). Consequently, th e se  a rea s
I  a re  term ed g raz ing  h a lo s  (sensu Randall, 1965). A census o f 41
K randomly lo c a te d  Modiolus beds i n  A p ril, 1983 revea led  th a t  26 of th e se
K (63.4%) had g razing  ha lo s. The w id th  of th e  ha lo s  ranged from 3 to
V
ft 21 cm, w ith  a  mean h a lo  w id th  o f  10.5 ±  2.5 cm (SD). Mary of the
ft m ussel beds w ith  g raz in g  h a lo s  w ere conspicuously f r e e  of a ttach e d
ft kelp, such a s  th e  Modiolus bed  in  F ig u re  26.
I  E ffe c t o f Kelp on Modiolus Gonad and Body Weights
R
K F ig u re  27 shows d iffe re n c e s  in  th e  mean dry w eight of fem ale
ft gonads d is s e c te d  from m ussels w ith  and w ithou t a tta c h e d  ke lp  c o lle c te d
ft from th e  same depth and h a b i ta t  a t  Murrey Rock. M ussels w ith  a ttach ed
ft kelp  had s ig n if ic a n t ly  low er gonad w eigh ts than  those  w ith o u t kelp  0? =
ft 51.3, 1,66 d f , p  < .001, 1-way MCWA). S im ila rly , m ussels w ith
ft a tta ch e d  kelp  had s ig n if ic a n t ly  low er dry body w eigh ts (rem aining
|  m uscle and t is s u e )  than  those  lack in g  kelp (x body w t w ith  kelp  =
|  4.23 g ±  1.51 SD v s . x body w t w ith o u t k e lp  = 6.13 ±  1.12 SD, F =
I  35.26, 1,66 d f , p  < .001, 1-way 2NOTA). There was no d iffe re n c e  i n  th e
I  mean s h e ll  len g th  o f m ussels in  th e  two ca te g o rie s  (x len g th  w ith  kelp
I  = 10.75 cm + 1.34 S D vs. x l e n g th  w i th o u t  k e lp =  10.58 cm ±  1.14 SD, F
I  = 0.34, 1,66 d f , p  > .05, 1-way ANCVA). Therefore, th e  observed gonad
|  and body w eigh t d if fe re n c e s  were n o t a  fu n c tio n  o f m ussel s ize . For
I m ussels w ith o u t a tta c h e d  kelp, s h e l l  leng th  and dry gonad w eigh t were
I  r e la te d  a s :
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w here y  = d ry  gonad w t, x = s h e l l  le n g th ,  r^  = .5 6 , n = 38. She 
re g re ss io n  o f equation  f o r  m ussels w ith  a tta ch e d  kelp  was:
y  = -5 .8 4  + 1.03X 
w ith  x and y  same a s  above equation , r^  = .43, n = 30.
Patch. Rerelfflugation Experiments
Mussel Patches
P a tte rn s  o f rec o lo n iz a tio n  t o  s im u la ted  dislodgem ent patches in  
Modiolus beds a re  shown in  F ig . 28. R ecently c le a re d  patches were 
c h a ra c te riz e d  by high  p e rcen t covers o f b a re  rock and b y ssa l th reads. 
C rustose c o ra l l in e  a lg ae  (p rim arily  Lithothamnium g la c ia le  and 
Phy m ato lithon  rugulosum) covered, on th e  average, 14% of th e  space a t  
th e  beginning o f the  experim ent. The amount of f r e e  space (bare rock) 
a v a i la b le  fo r  co lo n iz a tio n  d ec lin ed  sh arp ly  between December and March 
a s  th e  patches w ere colonized by d ia ta n s , red  algae, and kelp.
However, > 5% cover of b a re  rock rem ained a t  th e  end of experim ent. 
S e ttlem en t and growth of c ru s to se  c o ra l l in e  a lgae  a lso  co n trib u ted  to  
th e  d ec lin e  o f f r e e  space. For example, c ru s to se  c o ra l l in e  cover in  
one Modiolus patch  in c re ased  from 0% to  54% in  20 months.
The c o lo n ia l diatom  Licmophora spp. r e c ru ite d  in to  th e  patches 
w ith in  4 months a f te r  c le a r in g  and rap id ly  dominated patch  space by 
February, 1983. In  many patches, Licmophora f i r s t  appeared on th e  
re s id u a l tan g le  of b y ssa l th reads. The peroen t cover c f  th e  Licmophora 
mat dec lined  sharp ly  over th e  w in te r, p a r t ly  as a  r e s u l t  of g razing  by 
lim p e ts  (Acmaea te s tu d in a l is )  and sea u rch ins (S tronav locen tro tus
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d roebach iensis; p e rso n a l observ atio n s). The red  a lg a  A ntitham nion
j
p y la is a e i f i r s t  appeared in  th e  p a tch es  in  January , 1983 (Table 13).
i
The p ercen t cover o f  Antitham nion in c re a sed  g rad u a lly , reach ing  a  peak}
c£ 7.4 p e rcen t cover a t  th e  end o f th e  experim ent.
Ju v en ile  kelp  sporophytes w ere v i s ib l e  7 months a f t e r  th e  p a tch es  
w ere c le a re d  i n  th e  Modiolus beds. The d en s ity  of L am inaria spp. 
sp o rop ly tes  (L d ig i ta t a  and Jj. sacch arin a). and th e  kelp  canopy cover 
in c reased  sharp ly  to  Ju ly  1983 when th e  maximum mean d en sity  (21 
p lan ts /1 1 5  cm^) and th e  maximum mean p e rce n t cover (29.6%) occurred. 
There was a  marked d e c lin e  in  ke lp  d e n s ity  and p e rce n t cover betw een 
September and November 1983.
At th e  end o f th e  20-month experim ent, none of th e  15 pa tches in  
Modiolus beds were c lo sed  by m ussels, e i th e r  from th e  encroachment c f  
re s id e n t m ussels surrounding th e  patch  or from th e  s e tt le m e n t of mussel 
p la n tig rad e s . In  c o n tra s t ,  kelps s e t t l e d  in to  a l l  c f  th e  m ussel 
patches dom inating 7 o f them (47% o f to ta l )  a f t e r  20 months. This 
r e s u l t  c le a r ly  f a l s i f i e s  th e  n u l l  ty p o th e s is  c f  no d if fe re n c e  in  th e  
a b i l i t y  c f  kelps and m ussels t o  reco lo n ize  patches c le a re d  by Modiolus 
dislodgem ent. Thus, kelps (e sp e c ia lly  I* saccharina) have a  much more 
ra p id  response to  dislodgem ent d is tu rb an ce  than  M odiolus, and a re  a b le  
to  reco lon ize  pa tch  space by rec ru itm en t.
There was, however, co n sid erab le  among patch  v a r ia t io n  in  kelp  
abundances For exam ple, 53% c f  th e  m ussel bed pa tches w ere v i r t u a l ly  
f r e e  c f  kelp  a t  th e  end of th e  experim ent (Table 14). These patches 
were ch a ra c te riz e d  by t o t a l  g raze r d e n s i t ie s  (Acmaea fcestud ina lis . 
T o n ice lla  marmorea. and S troncrylocentrotus dro^bachifflsls) t h a t  w ere 
s ig n if ic a n tly  h igher than  th e  o th e r 7 m ussel patches th a t  w ere kelp
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dominated (Table 14; W = 91.5, p  < .0018, Mann Whitney U te s t ) .  This 
suggests  h ig h e r g ra z e r  p re ssu re  was re sp o n s ib le  fo r  p reven ting  th e  
dominance o f kelp  i n  54% of th e  m ussel patches.
The herb ivorous s n a i l ,  Lacuna v in c ta . appeared in  7 o f th e  pa tches 
a f te r  they  w ere dom inated by ta m in aria  spp. (Table 13). Lacuna began 
la y in g  d§g m asses on th e  kelp  b la d es  in  August, 1983; heavy damage was 
ev id en t i n  September and October when th e  mean number o f Lacuna g razing  
h o le s  was 2.1 and 3 .4 /p la n t during  September and O ctober, re sp ec tiv e ly . 
G razing by Lacuna undoubtably weakened the  th a l lu s ,  making kelps more 
su sc e p tib le  to  breakage during storm  waves.
Algal IUrf....Batches
F ig u re  29 shows th e  p a t te rn s  of re c o lc n iz a tio n  in to  patches 
c le a re d  in  th e  red  a lg a l  t u r f  (sim ulated  h o ld fa s t dislodgem ent). At 
th e  beginning o f th e  experim ent, most of th e  pa tch  space was h e ld  by 
c ru s to se  c o ra l l in e  a lg ae  and f le sh y  red  c ru s ts  (p rim arily  Peyssonnelia 
ro se n v in a ii and Rhodophysema elegans) which accounted fo r  > 70% cover. 
Bare rock covered 25% i n i t i a l l y ,  b u t d ec lin ed  ra p id ly  a s  th e  patches 
were co lon ized  by d iatom s, red  a lg ae , en cru s tin g  bryczoans, and k e lp  
In  c o n tra s t  to  p a tch es  in  Modiolus beds, th e re  was no f r e e  space (bare 
rock) in  th e  a lg a l tu r f  pa tches a f t e r  5 months o f co lo n iza tio n . The 
cover c f c o ra l l in e  a lg ae  and f le sh y  red  c ru s ts  d ec lin ed  ever th e  w in te r  
o f 1982-83 a s  they  w ere overgrown by o th e r s e s s i l e  organism s. As in  
th e  m ussel patches, a  cover of th e  c o lo n ia l diatom  Licmophora sp p  
developed e a r ly  in  th e  co lo n iz a tio n  sequence in  th e  a lg a l  tu r f  pa tches, 
peaking in  F ebruary , 1982.
There was a  s t r ik in g  in c re a se  in  th e  p e rcen t cover o f th e  red  a lg a  
Phy llo p h o ra  sp p  sh o r tly  a f te r  patch  c re a tio n  probably because of
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v e g e ta tiv e  regrow th  from re s id u a l h o ld fa s t m a te ria L  U pright b lad es  
sp rou ted  betw een December and January. TVo d i f f e r e n t  Phyllophora b lad e  
shapes w ere observed; ovate  b lad es  (probably E .  tru n ca ta ) and e longate  
ones th a t  fo rked  in to  2 b lu n t  lo b es  a t  th e  d i s t a l  end o f th e  b lad e  
(probably £  pseudoceranoides). In  se v e ra l in s ta n c e s , Phy llo p h o ra  
c le a r ly  re c ru i te d  in to  th e  patch.
Other u p r ig h t red  a lg ae  co lon iz ing  th e  p a tches w ere Phycodrys  
rubens, Chondrus c r isp u s , and A ntitham nion r v la i s a e i . PJycodgS f i r s t  
appeared i n  January and q u ick ly  a t ta in e d  a  maximum mean cover of 23% in  
A p ril. Chondrus u p rig h ts  appeared two months a f te r  c lea rin g . By 
fo llow ing  th e  photographic sequence, i t  was c le a r  th a t  e a r ly  Chondrus 
u p rig h ts  were produced by regrow th  from c ru s to se  s ta g e s  th a t  su rv ived  
th e  patch  c le a r in g  p rocess. A ntitham nion cover was h ig h e s t in  A pril 
(T ab le  15).
The red  a lg a l  tu r f  was h eav ily  ep ip h y tized  by bryceoans (p rim arily  
E le c tra  p ilo sa ) w ith in  9 m onths Bryceoans a lso  encrusted  th e  rock 
s ib s tra tu m  beneath  th e  red  a lg a l  tu r f .  The sp ec ie s  o f encrusting  
bryceoans w ere m ain ly  Cry p to su la  p a l la s ia n a . M icroporella  c i l i a t a ,  and 
P o r e l l a  sp.
Strong dominance o f th e  a lg a l  t u r f  patches by kelp  began 5 months 
a f t e r  they were c le a re d  In  A p ril, th e  patches contained  up to  50 I* 
sacch arin a  ju v e n ile  sporophytes per patch . The maximum cover (56%) 
occurred  in  Hay, 1982. The d is t r ib u t io n  of kelp  i n  th e  a lg a l t u r f  
patches was much l e s s  v a r ia b le  then  in  th e  m ussel patches; a t  th e  end 
o f  20 months, a l l  13 a lg a l t u r f  p a tch es  w ere dominated by k e lp  The 
coho rts  o f kelp  i n  th e  a lg a l  tu r f  patches w ere very  conspicuous because 
they w ere surrounded by a  t u r f  of red  a lg a e  At th e  end of experim ent,
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L. saccharina  was abundant w h ile  L. d io i ta t a  occurred  in  low d en s ity  
(pig. 2 8 ). None c f  th e  a lg a l  t u r f  pa tches con tained  &  m o d io lu s .
Lacuna v in c ta  appeared in  th e  pa tches 1 month a f te r  they  w ere 
dominated by L. saccharina  (pig. 29). Lacuna d en s ity  peaked in  Octcber 
when mean d e n s it ie s  o f 3.0 sn a ils /1 1 5 .0  cm^ (SD = 2.1, n  = 13) w ere 
recorded. I  observed a  t o t a l  c f 55 Lacuna egg m asses l a i d  on kelp  
between August and Octcber. P eriods c f  h igh  Lacuna damage t o  I* 
sacch a rin a  occurred in  August, O ctcber, and November when p la n ts  had an 
average o f  2.0, 3.2, and 2.1 Lacuna g raz ing  h d e s /p l a n t  (Table 15). 
Lacuna g razing  in v a ria b ly  co n trib u te d  to  th e  d ec lin e  of ke lp  between 
June and November.
S e s s i le  in v e rte b ra te s  w ere more abundant in  a lg a l  t u r f  patches 
than  in  m ussel dislodgem ent patches. For example, th e  co lo n ia l 
a sc id ia n  Ap ilid iu m  pallidum  occupied 3% cover a f te r  20 months. Other 
a sc id ia n s  p re se n t in  low d e n s i t ie s  w ere Dendrodoa carnea and Molaula 
m anhattensis (Table 15). I t  i s  suggested  th a t  th e  en cru stin g  
in v e r te b ra te  community was b e t t e r  developed in  th e  a lg a l t u r f  patches 
than  th e  mussel patches because g raze r d is tu rb an ce  was low er in  th e  
a lg a l t u r f  patches.
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Maintenance o f  Zonation P a tte rn s  
T his s tu d /  suggests  t h a t  th e  observed p a t te rn s  o f sub t i d a l  
zonation  r e s u l t  from  th e  coupling c f  p h y sica l d is tu rb an ce  and 
b io lo g ic a l p rocesses. Dense popu la tio n s  o f Modiolus m odiolus dominated 
a t  in te rm e d ia te  depths (8-11 m) a t  exposed s i te s .  The s c a rc i ty  c f 
Modiolus in  th e  shallow  kelp  zone (4-8 m) r e s u l t s  p r in c ip a lly  from kelp  
induced dislodgem ent, which caused ex trem ely  h igh  Modiolus m o r ta l i t ie s  
during storm s. D islodgem ent m o r ta l i ty  was th e  most im p o rtan t source of 
m o r ta li ty  im pacting Modiolus popu la tions  a t  Murray Bock (up to  7% 
m orta lity /m on th ) and a t  S ta r  Is la n d  (76% o f to t a l  d ea th s/5  y rs ) . 
Moreover, i t  was th e  only agen t c f  m o r ta li ty  so le ly  r e s t r i c te d  to  
shallow  depths (Chapter 1: Table 5). A lte rn a te  hypotheses t o  kelp  
induced dislodgem ent s e t t in g  th e  upper l i m i t  o f  Modiolus a re  (1) th a t  
i t  i s  s e t  by p red a tio n  and (2) t h a t  i t  i s  determ ined by th e  f a i l u r e  c f  
Modiolus rec ru itm e n t to  shallow  depths. Although th e se  hypotheses have 
no t been e x p l ic i t ly  te s te d , th e  d a ta  a v a i la b le  a re  no t c o n s is te n t w ith  
them. For example, r a te s  o f p re d a tio n  on a d u l t  Modiolus a re  extrem ely  
lew , u su a lly  < 0.5% month; th u s  p red a to r  l im i ta t io n  does n o t seem 
l ik e ly .  Moreover, th e  h igh d e n s i t ie s  c f  reo en tly  s e t t l e d  Modiolus 
p la n tig ra d e s  i n  a lg a l  tu r f  and m ussel beds between O ctcber, 1981 and 
O ctober, 1982 in d ic a te  th a t  th e re  i s  s u b s ta n tia l  la rv a l  rec ru itm e n t to  
shallow  depths.
ttie  experim ental ran  oval c f  th e  sea u rch in  f ro n t  b o rdering  th e  
lew er edge (9.1 to  10.5 m) of th e  ke lp  zone re s u lte d  in  a  downward
75
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s h i f t  of th e  zone to  12.5 m depth, dem onstrating  th a t  th e  low er l i m i t  
o f ke lp  (Li sacch a rin a  and L. d io i ta ta )  was s e t  by sea  u rch in  grazing . 
This im p lie s  th a t  th e  e ra d ic a tio n  of kelp  by sea  u rch in  f ro n ts  a t  10-
12 m depth re le a s e s  Modiolus from severe  d islodgem ent m o r ta l i ty ,  which 
i s  r e f le c te d  i n  th e  s t r ik in g  in c re a se  in  Modiolus popu la tio n  d e n s i t ie s  
j u s t  below th e  help  dominated zone (pig. 13). Zonation p a t te rn s  of 
kelp  and sea  u rch in s  s im ila r  to  tho se  documented h e re  occur in  o th e r 
tem perate  s tb t i d a l  reg ions (Jones and Rain, 1967; Mann, 1972; Dayton, 
1975; Choat and S c h ie l, 1982). Ey removing Echinus escu len tu s . Jones 
and Rain (1967) dem onstrated  t h a t  th e  low er l i m i t  o f L a m i n a r i a  
hvperborea a t  th e  I s l e  o f Man was re g u la te d  by sea  u rch in  grazing . 
Dayton (1975) found th a t  th e  low er l i m i t  o f L am inaria sp p  a t  20 m 
depth co incided  w ith  high d e n s i t ie s  o f  S tro ngy locen tro tu s s p  He 
suggested  th a t  th e  low er l i m i t  of th e  L am inaria zone a t  Amchitka 
Is lan d , A laska was caused by g raz ing  p re ssu re  and l i g h t  l im ita t io n .  In  
St. M argrets Bay, Nova S co tia , Mann (1972) showed th a t  th e  ty p ic a l 
depth range o f mixed Lam inaria d jg i ta t a -L. long icruc is . s tan d s  was 3 to
13 m. At one t r a n s e c t  w here &  d ro eb ach ien sis  was abundant, th e  
tam -in aH a  zone ended a b ru p tly  a t  5 m dep th  (Mann, 1972). Choat and 
S ch ie l (1982) showed th a t  th e re  was an ab ru p t t r a n s i t io n  betw een th e  
shallow  fu co id  and la m in a rian  a lg a l  zone and an in te rm e d ia te  zone 
dom inated by sea  u rch in s  (Evechinus ch lo ro ticu s)  in  n o rth e rn  New 
Zealand.
There a re  se v e ra l types o f f i e l d  evidence in d ic a tin g  th a t  th e  zone 
of overlap  betw een Modiolus and T a m i n a r i a  sp p  d is t r ib u t io n s  a t  8-11 m 
(MR) and 4-12 m (SI) r e s u l t  from grazing  by sea  u rch in s  re s id in g  in  
th e  m ussel be  d a  Surveys rev ea led  th a t  Modiolus beds w ith in  th e  kelp
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zone a t  MR and SI con ta ined  s ig n if ic a n t ly  h igher d e n s i t ie s  o f  &
droebach iensis  than  o u ts id e  th e  beds. In  th e  tagg ing  experim ent, sea
u rch ins  in  th e  Modiolus beds g razed  tagged  kelp  o ff  m ussels, thereby
reducing dislodgem ent m o r ta l i ty  by 16-22%. Furtherm ore, th e
experim en tal removal of sea  u rch in s  from  Modiolus beds dem onstrated
th a t  m ussels in  beds w ith o u t re s id e n t sea  u rch in s  in c u rre d  m o r ta l i ty
r a te s  (v ia  kelp dislodgem ent) th a t  w ere 30 tim es  h igher than  those  w ith
*
re s id e n t sea  u rch ins. W ith in  th e  kelp  zone, th e  occurrence of u rch in s  
i n  Modiolus beds was commonly in d ic a te d  by th e  presence of a  g raz ing  
h a lo  around th e  m ussel bed. Thus, by re s id in g  in  m ussel beds and 
graz ing  kelp  o f f  Modiolus, sea  u rch in s  f a c i l i t a t e  th e  p e rs is te n c e  c f  
Modiolus beds i n  th e  shallow  kelp  zone where d is tu rbance-caused  
m o r ta l i ty  i s  h ig h e s t (Chapter 1 : Table 5).
The D istu rbance Regime 
The su b tid a l com m unities examined h e re  were f re q u e n tly  im pacted by 
storm  genera ted  d is tu rb a n ces  which d is lodged  overgrown m ussels. 
D if fe re n t m agnitudes o f dislodgem ent d is tu rb a n ce  w ere c h a ra c te r iz e d  by 
d i f f e r e n t  freq u en c ies  o f occurrence. Sm all d is tu rb an ces , h ere  taken  to  
mean th e  dislodgem ent of < 2500 M odiolus/month (Sea P o in t) , occurred  on 
a  monthly b a s is . Large d is tu rb a n ces  (those d islodg ing  > 2500 
M odiolus/month) occurred  th re e  tim es  i n  1982 and tw ic e  i n  1983. These 
la rg e  d is tu rb an ces  a r e  d is a s te r s  i n  th e  term inology o f Harper (1977) 
because they recu r w ith in  th e  g en era tio n  tim e of th e  organism im pacted 
(> 20 y ea rs  fo r  Modiolus). Although such d is a s te r s  could  occur during 
a ry  tim e of th e  y e a r , they w ere most common during th e  f a l l  months. As 
in d ic a te d  by th e  wave h e ig h t d a ta , an ex trem ely  la rg e  d is a s te r  
(October, 1982 storm ) occurs once in  5 y e a rs  (Fig. 18). A dd itional
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evidence i s  suggestive  cf a  5 -y r p erio d  betw een extrem e sto rm s in  th e  
G ulf o f Maine. Hie l a s t  extrem ely  la rg e  storm  occurred i n  February 
1978 (N ational Weather Service, P ortland , Maine) which was 4 y e a rs  8 
months p r io r  to  th e  O ctcber, 1982 storm. Thus, th e re  e x is t s  a  high 
frequency c f  m a l l  d is tu rb an ces , and a  low frequency o f la rg e , in te n se  
d is tu rb a n c e s , which i s  ty p ic a l o f p hysica l d is tu rbance  regim es on 
shallow  c o ra l re e fs  (Connell 1978) and on tem perate  rocfy  in t e r t i d a l  
shores (Sousa, 1979; Paine and L evin , 1981; D e th ie r , 1984).
The d is tu rb an ce  regim e produced a  m osaic cf sm all s ized  pa tches in  
th e  shallow  su b tid a l zone. On th e  average, th e  s iz e  c f  patches formed 
by the  dislodgem ent c f  overgrown m ussels was 102 cm^ (SD = 5 8 ,  n  = 57, 
a l l  months pooled). The s iz e  of patches d id  no t d i f f e r  between 
seasons, however, th e  g re a te s t  number c f patches were formed in  the  
f a l l .  In  c o n tra s t ,  Paine and Levin (1981) found th a t  patches c rea ted  
by th e  dislodgem ent o f M ytilus c a lifo rn ia n u s  were s ig n if ic a n tly  la rg e r  
i n  th e  w in te r  than  in  summer. The r a te  of patch  fo rm ation  in  Modiolus 
beds a t  Murray Pock i s  comparable to  th e  r a te  c f patch  fo rm ation  in  jj. 
c a l i f o r n i a n u s  beds a t  Tatoosh Is lan d , Washington (Paine and Levin, 
1981), although the  s iz e  c f  in d iv id u a l patches d if fe re d  s u b s ta n tia lly . 
For example, 0.25 to  9.1% of Modiolus beds w ere removed per month a t  
ME, compared to  0.4 t o  5.4% o f jj. c a lifo rn ia n u s  removed per month a t  
Tatoosh (Paine and Levin, 1981). Paine and Levin (1981) recorded a  
maximum patch  s iz e  o f 38.0 m^; nothing l ik e  t h i s  was ever observed in  
Modiolus beds where th e  maximum patch  s iz e  was 0.04 n?. Modiolus beds 
are  considerab ly  sm alle r than  U. c a lifo rn ia n u s  beds and a re  no t a s  
s p a t ia l ly  continuous, consequently, patches > 2.2 m  ^ (s iz e  c f  la rg e s t  
Modiolus bed) would no t be expected in  Modiolus beds.
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In  a d d itio n  to  causing  extrem ely  h igh  m o r ta l i ty  in  Modiolus 
popu la tions , storm  genera ted  waves w ere re sp o n sib le  fo r  s u b s ta n tia l  
m o r ta l i ty  in  popu la tions o f Lam inaria saccharina  and L. d io i ta ta .
Kelps a ttach e d  to  m ussels p e rish ed  when they were c a s t  asho re  a t  Sea 
P o in t Beach. Kelps a tta ch e d  to  d islodged  m ussels th a t  w ere tran sp o rte d  
deeper in to  s ib  t i d a l  zone w ere ra p id ly  consumed by u rch in s  re s id in g  in  
g u l l ie s  a t  Murray Roclc In  th e  u rch in  removal a rea , la rg e  storm s in  
June and O ctcber, 1982 caused s ig n if ic a n t  reductions  in  kelp  d e n s it ie s . 
As in d ic a te d  by th e  patch  survey, kelps were o fte n  d islodged  a t  th e  
h o ld fa s t base. Kelp h o ld fa s t patches w ere s im ila r  to  m ussel 
dislodgem ent pa tch es  in  se v e ra l ways: (1) they w ere approxim ately  th e
same s iz e  w ith  a  mean o f 89 cm2, SD = 19, n = 29; a l l  months pooled;
(2) th e re  was no s ig n if ic a n t  tem poral v a r ia t io n  in  patch  a rea ; and (3) 
d e n s i t ie s  of kelp  h o ld fa s t pa tches w ere h ig h e s t in  f a l l .  In  c o n tra s t  
w ith  m ussel dislodgem ent patches, th e re  was l e s s  v a r i a b i l i ty  in  th e  
s iz e  o f ke lp  h o ld fa s t  pa tch es  (c o e f f ic ie n t of v a r ia t io n  = 21.3% fo r 
h o ld fa s t  patches vs. 56.8% f o r  m ussel dislodgem ent patches). This 
prcbably r e s u l t s  from low v a r ia t io n  in  th e  b a sa l a rea  of th e  kelp  
h o ld fa s ts  producing th e  patch, tty o bservations suggest th a t  the  
dislodgem ent of e n t i r e  kelp  p la n ts  may be f a c i l i t a t e d  by organism s 
boring  in to  the  c ru s to se  c o ra l l in e  pavement t o  which th e  h o ld fa s t  
adheres. Exam ination o f c o ra l l in e  a lg ae  a tta ch e d  to  h o ld fa s t  of 
d islodged  p la n ts  revea led  th a t  they w ere riddLed w ith  c i r r a tu l i d  
po lychaetes, e sp e c ia lly  Dodecaceria concharum which may weaken th e  
underly ing  c ru s t  and make th e  p la n t  more su sc e p tib le  to  dislodgem ent. 
Whole p la n t dislodgem ent was an im portan t source of patch  c re a tio n  a t  
Murray Rock, opening up 1.4 to  4.8% f r e e  space/m onth (of a  2.5 m2 a rea
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surveyed). L i t t l e  a t te n t io n  has been g iven  to  th e  e f f e c t s  of sto rm s on 
th e  re g u la tio n  o f kelp  popu la tions  in  th e  northw est A tla n tic  Ocean 
d e sp ite  e a r ly  re p o r ts  th a t  TaminaHa hyberborea  f o r e s t s  o f f  th e  B r i t i s h  
I s le s  w ere d ev as ta ted  by storm s (K itching, 1937; W alker and Richardson, 
1955). C learly , more a t te n t io n  should be g iven  to  t h i s  to p ic .
Recovery from D isturbance
I t  was ev id en t from th e  patch  re c o lo n iz a tio n  experim ents th a t  kelp 
(Tam inaria sp p ) and Modiolus d i f f e r  s u b s ta n t ia l ly  in  t h e i r  a b i l i t y  to  
respond to  s im u la ted  dislodgem ent d is tu rb a n c e  A fte r 7 months, kelp 
dom inated 100% o f th e  a lg a l  tu r f  p a tch es  (sim ulated  h o ld fa s t  
dislodgem ent) and 47% c f  th e  m ussel pa tches (sim ulated  m ussel 
dislodgem ent). In  s t r ik in g  c o n tra s t ,  none of th e  pa tch es  w ere 
dominated by Modiolus, d e sp ite  heavy se ttle m e n t of m ussel la rv a e  to  
th e  study  area . Because o f i t s  f a i l u r e  to  recover pa tch  space, 
dislodgem ent severe ly  reduces th e  a b i l i t y  o f Modiolus to  dominate space 
i n  th e  shallow  s ib  t i d a l  zone. Kelp6 can bounce back from dislodgem ent 
d is tu rb an ce  and ra p id ly  dominate patch  space.
Hie recovery dynamics o f U. m odiolus a re  d i f f e r e n t  th an  th o se  cf 
MytilHS e d u lis  and M vtilus c a lifo rn ia n u s  (Menge, 1976; Suchanek, 1978; 
Paine and Levin, 1981). In  th e  New England in t e r t i d a l ,  Menge (1976) 
found th a t  &  e d u lis  could  a t t a i n  90% cover w ith in  7 months i f  th e  
substratum  was p rev iously  co lon ized  by Balanus (Semibalanus) 
balano ides. On th e  w est co a s t, N y tilu s  e d u lis  ra p id ly  co lon izes 
d isturbance-produced pa tch es  in  beds o f i t s  co m p e titiv e ly  su p erio r 
congener &  c a lifo rn ia n u s  (Suchanek, 1978). Paine and Levin (1981) 
found th a t  sm all patches «  100 cm2) t h a t  w ere approxim ately  th e  same 
s iz e  a s  in  t h i s  s tudy  (115 cm2) w ere c lo sed  in  < 1 y r  by JJ.
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c a lifo rn ia n u s  lean in g  i n  from the  border o f th e  patch. Consequently, 
sm all p a tch es  in  &  c a lifo rn ia n u s  beds had l i t t l e  e f f e c t  on community 
dynamics (Paine and Levin, 1981). In  c o n tra s t ,  none of th e  Modiolus 
p a tch es  c lo sed  by lean in g  o r  rec ru itm en t. The apparen tly  unusual 
f a i l u r e  to  recover from d is tu rb an ce  seen in  Modiolus beds can be 
a sc r ib e d  to  a  number of f a c to r s  in c lu d in g  (1) f a i lu r e  o f la rv a l  
rep len ishm en t to  th e  patch; (2) h igh  p o s t- s e tt le m e n t m o r ta li ty ;  and (3) 
la c k  o f s u i ta b le  substra tum  fo r  attachm ent. From th e  rec ru itm en t 
study , i t  was c le a r  th a t  Modiolus s e tt le m e n t occurred  in  a l l  seasons, 
moreover, th e  extrem ely  high p la n tig ra d e  d e n s i t ie s  in  O ctcber, 1982 and 
September, 1983 suggested  a  l a t e  summer o r f a l l  spawning p e r io d  
T herefore, th e re  i s  an am ple supply c f  mussel la rv a e  a v a i la b le  to  
s e t t l e  in  newly d is tu rb e d  areas. S tu d ie s  o f th e  rep roductive  cycle  o f 
n o rth e a s t A tla n tic  &  m odiolus popu la tions in d ic a te d  bo th  co n tin u a l 
a c y c lic  spawning (Seed and Brcwn, 1977; Wiborg, 1946), and pronounced 
spawning peaks in  M arch-April (Wiborg, 1946). In  t h i s  study , periods 
of high se ttle m e n t co incided  w ith  tem poral p a t te rn s  c f p a tch  fo rm ation ; 
p la n tig ra d e  d e n s i t ie s  peaked in  th e  f a l l  when th e  g re a te s t  amount of 
p a tch  space was c le a re d  a t  Murrey Rock (October). I t  i s  tem pting to  
sp e c u la te  t h a t  th e  tim ing  of rep roduction  and se tt le m e n t in  Modiolus 
re p re se n ts  a  response t o  ta k e  advantage o f s p a t ia l  resou rces made 
a v a i la b le  by storm  d is tu rb an ce  such has been  documented fo r  ftjy t i lu s  
e d u lis  (Suchanek, 1978; 1981). However, more work i s  needed on th e  
rep ro d u c tiv e  and la rv a l  ecology of M odiolus b e fo re  t h i s  hypo thesis  can 
b e  evaluated . In  p a r t ic u la r ,  i t  i s  im portan t to  d i f f e r e n t ia t e  sm all 
(< 500 urn) M ytilus e d u l is  p la n tig ra d e s  in  th e  samples from those  of &  
m odiolus so th a t  p re c is e  rec ru itm e n t d e n s i t ie s  o f Modiolus can be
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determ ined  I t  can b e  in fe r re d  from  th e  high d e n s i t ie s  o f newly 
s e t t l e d  p la n tig ra d e s  (fig . 15) and th e  absence o f Modiolus co h o rts  in  
th e  m ussel pa tch es  th a t  h igh  p o s t se tt le m e n t m o r ta li ty  i s  an  im portan t 
fa c to r  p reven tin g  th e  es tab lish m en t of new m ussel beds. P redation  by 
A s te r ia s  v u lg a r is  on m ussel p la n tig ra d e s  may b e  im portan t a s  1-2 sm all 
j&. v u lg a r is  were g en e ra lly  p re se n t in  th e  m ussel pa tches, and H ulbert 
(1980) found th a t  sm all A  v u lg a ris  commonly prey on m ussel s p a t a t  
t h i s  depth. U n til more i s  known about th e  feed ing  r a te s  o f v u lg a r is  
on newly s e t t l e d  m ussels, i t  i s  d i f f i c u l t  to  invoke sea s t a r  p red a tio n  
a s  th e  prim ary cause o f p o s t-s e tt le m e n t m o r ta li ty  in  th e  patches, fo r 
th e  1-2 &  v u lg a r is  p re se n t would have to  consume > 3000 m ussel 
p la n tig ra d e s  per pa tch  to  p reven t m ussel dominance. In  a d d itio n  to  
p o s t- s e tt le m e n t m o rta li ty , th e  absence of s u ita b le  s u b s t r a ta  fo r  
s e tt le m e n t m ight c o n tr ib u te  to  th e  observed la c k  o f ju v e n ile  m ussels i n  
th e  patches. In  rocky in t e r t i d a l  com m unities, m ussel p e d iv e lig e rs  
s e t t l e  p r im a r ily  on filam en to u s a lg ae  (Bayne, 1964; Seed, 1969; 
Suchanek, 1979; P e te rsen , 1984) and byssus th read s  (Bayne, 1976; 
Suchanek, 1979; 1981). P e te rsen  (1984) found th a t  M ytilus 
c a lifo rn ia n u s  p la n tig ra d e s  occurred  on a l l  elem ents of i n t e r t i d a l  
h a b i ta t  s t ru c tu re  except b a re  rock, which suggests th a t  th e  la rg e  
amounts of b a re  rock  i n i t i a l l y  p re se n t i n  th e  m ussel pa tches a t  Murray 
Rock (fig . 28) were u n su ita b le  fo r  se ttlem en t. However, th e re  were 
re s id u a l byssus th re a d s  in  th e  patches which should have provided 
s u i ta b le  s u b s tra ta  fo r  Modiolus se ttlem en t. There i s  a  need fo r  
experim en ta l work in te g ra t in g  la rv a l  s e tt le m e n t w ith  p o s t-s e tt le m e n t 
m o r ta l i ty  to  understand  mechanisms p reven ting  th e  ree s ta b lish m e n t of 
m ussel beds in  patches.
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ID  s i t u  o bservations  suggested  th a t  g razing  p ressu re  reduced or 
p revented  th e  e s tab lish m en t g£ ke lp  in  a  m a jo rity  of th e  mussel 
dislodgem ent p a tch ea  In  m ussel pa tches where m oderately h igh 
d e n s i t ie s  o f ch ito n s  (T onicella  marmorea). lim p e ts  (Acmaea 
tes.tud ina lis)>  and sea  u rch ins (S troncivlocentrotus droebachiensis) were 
p re sen t, ke lp  s e t t l e d  b u t was consumed by these  g ra z e rs  (personal 
o b serva tions). Mussel patches w ith  low er t o t a l  d e n s it ie s  of g raze rs  
w ere dominated by ke lp  (Table 14). The dominance of kelp  in  47% o f th e  
m ussel pa tches was unexpected g iven  th a t  a l l  th e  m ussel beds where 
experim ental patches w ere c re a te d  con ta ined  sea  u rch in s  and g iven  th a t  
th e  patches were sm all enough to  b e  con tained  w ith in  th e  g raz in g  ha lo  
(10.5 cm mean w id th ). Thus, i t  appears th a t  g raze r p re ssu re  was h igh ly  
v a r ia b le , and was n o t a  to t a l l y  e f f e c t iv e  defense a g a in s t kelp 
dominance o f mussel bed patches. I  suggest th a t  th e  v a r ia t io n  of 
g razer p re ssu re  i s  an  im portan t kef to  understanding the  com plex ities  
o f th e  kelp-M odiolus in te ra c t io n ; i t  may ex p la in  why m ussels a re  
overgrown and d islodged  by kelp  d e sp ite  the  prevalence of g razing  ha lo s  
(63% o f mussel beds) and th e  p resence o f high d e n s i t ie s  o f sea  u rch in s  
in  th e  beds. I t  i s  l ik e ly  th a t  Modiolus beds a re  s a tu ra te d  by kelp  
spores in  d e n s i t ie s  exceeding th e  a b i l i t y  of re s id e n t g ra z e rs  to  remove 
them from th e  mussel s h e lls .  For example, Chapman (1984) found th a t  1* 
d io i ta t a  rec ru itm en t was ex trem ely  high (0.98 X 10® r e c r u i t s  per 1.0 m  ^
p e r year). G razers m ain ta in  b a re  zones o r g raz ing  ha lo s  around th e i r  
h a b i ta ts  in  sev e ra l b e n th ic  com m unities inc lud ing  Caribbean patch  re e fs  
(Randall, 1965; Ogden ,e£ a L .  1973), rock c rev ice  h a b i ta ts  o ff  
C a lifo rn ia  (Nelson and Vance, 1979), and in t e r t i d a l  M ytilus 
c a l ifo m ia n u s  beds i n  the  B a c if ic  Northwest (D ^ton , 1971; Stim son,
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1973; Suchanek/ 1978). Paine and Levin (1981) dem onstrated th a t  sm all 
p a tches  i n  &  c a lifo rn ia n u s  beds (< 700 cm^) were no t reoo lon ized  by 
o th e r s e s s i l e  organism s because th e  p a tches w ere sm all enough to  be  
in co rp o ra ted  in to  th e  g raz ing  h a l a  There was no evidence of th e  
w ith in  pa tch  v a r ia t io n  in  g raze r p ressu re  observed in  sub t i d a l  Modiolus 
beds.
The herb ivorous s n a i l  Lacuna v in c ta  had a  q u a l i ta t iv e ly  d i f f e r e n t  
e f f e c t  on th e  kelp  c o lo n is ts  than grazing  ch ito n s , lim p e ts , and 
u rch in s; i t  cropped th e  b la d es  o f sm all sporqphytes. This was 
p a r t ic u la r ly  ev id en t in  a lg a l  t u r f  pa tches where a  m a jo rity  of 
sporqphytes had 2-3 Lacuna ho les on each ke lp  b lad e  during  f a l l  1983. 
The com plete d e s tru c tio n  o f a lg a l stands by Lacuna d escrib ed  in  F ra l ic k  
e t  £1, (1974) was n o t w itn essed  a t  Murray Rock. I t  i s  suggested  th a t  
I* v in c ta  g raz in g  in c re a se s  th e  v u ln e ra b i l i ty  of ke lp  to  storm  
d e fo lia t io n ;  more a t te n t io n  should  be  g iven  to  t h i s  in te ra c t io n .
One of th e  s im i l a r i t i e s  in  th e  re c d o n iz a t io n  sequence o f m ussel 
p a tches and a lg a l  tu r f  pa tches was th e  e a r ly  a r r iv a l  of th e  diatom 
Licmophora sp. which dominated p a tch  space by February, 1982. Heavy 
diatom  cover preceeded ke lp  dominance in  a  m a jo rity  of th e  patches. 
S im ila r ly , Sousa (1979) and D eth ier (1984) found th a t  d iatom s were th e  
i n i t i a l  c o lo n iz e rs  o f experim en ta lly  c le a re d  a re a s  in  th e  rocky 
i n t e r t i d a l  zo n a  In  t h i s  study, th e  red  a lg a  Phy llo p h o ra  spp. 
recovered qu ick ly . W ithin  4 months o f patch  fo rm ation , Phy llo p h o ra  
sp p  covered, on th e  average, 25% of patch  sp a c a  Such f a s t  recovery 
tim e  was p rim a rily  due to  v e g e ta tiv e  regrcw th from re s id u a l p o rtio n s  of 
h o ld fa s ts  th a t  su rv ived  th e  d is tu rb an ce  ( i . a  Phy llo p h o ra  i s  a  
pseudoperennial sensu R iig h t and Parke, 1931).
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Sim ulated  h o ld fa s t pa tches w ere densely  reco lo n ized  by  ram -inaria 
ju v e n ile s . In  ad d itio n , many n a tu ra l h o ld fa s t  pa tches con ta in in g  
co h o rts  o f ju v e n ile  Tam in a r ia  sp o ro p ty te s  were observed a t  Murray Bock. 
They were e a s i ly  recognized a s  agg reg a tio n s  o f sporophytes to t a l l y  
con ta ined  w ith in  th e  patch  and surrounded by red  a lg a l tu r f .  Such 
experim en tal r e s u l t s  and o b servations  suggest a  n eg a tiv e  in te r a c t io n  
betw een TaminaHa and th e  understo ry  red  a lg a l t u r f  (Phy llo p h o ra . 
Phycodrys. and Chondrus). A lo g ic a l  hy p o th esis  i s  th a t  th e  a lg a l  tu r f  
in h i b i t s  the  com p etitiv e  dominance c f  canopy form ing kelps a s  
dem onstrated  i n  C a lifo rn ia  ke lp  com m unities (Dayton al.> 1984). Die 
im p lic a tio n  of ra p id  re c o lo n iz a tio n  a b i l i t y  i n  TaminaHa i s  th a t  i t  
enab les i t  to  ra p id ly  recover p a tch  space c re a te d  by th e  dislodgem ent 
o f i t s  own sp e c ie s  or congener a t  th e  h o ld fa s t base, im p o rtan tly , 
Chapman (1984) showed th a t  in  Nova S c o tia  th e  rec ru itm e n t o f L> 
lQ n a ia u a s  and L. .<iigi.ta.tft sporophytes in c reased  10 -fo ld  by c le a r in g  o f 
0 .25  a rea s  i n  red  a lg a l  tu r f .  However, th e  eco lo g ica l s ig n if ic a n c e  
o f t h i s  f in d in g  was n o t e lu c id a ted .
M odiolus-Stronqvlocentrotus-M utualism  
P red a tio n  experim ents dem onstrated th a t  sm all S tro n ay lo cen tro tu s  
d roebach ien sis  b e n e f i t  from liv in g  i n  Modiolus beds because they a re  
p ro te c te d  frcm  p red a tio n  by f i s h  (Tautoaolabrus adspersus). c rab s  
(Caosei b o re a l is  and Cancer i r r o r a tu s ) , and lc b s te r  (Homarus 
am ericanus) w h ile  in  th e  m ussel beds (Chapter 1). In  tu rn , & 
d ro eb ach ien sis . g razes  kelp  o f f  Modiolus s h e l ls ,  reducing dislodgem ent 
m o rta li ty . This was dem onstrated  in  u rch in  removal experim ents where 
m ussels i n  beds w ith o u t sea u rch in s  su ffe re d  m o r ta li ty  r a te s  (frcm 
kelp-induced  dislodgem ent) th a t  w ere 30 tim es g re a te r  than  in  beds
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where sea  u rch in  g raz ing  kept th e  m ussels f r e e  of kelp. Therefore, th e  
M odio lus-S trongvlocentro tus in te r a c t io n  i s  a  type o f m utualism , defined  
a s  an  in te ra c t io n  betw een sp e c ie s  th a t  i s  b e n e f ic ia l  to  b o th  (Boucher 
e t  1982). The m u ta l i s t ic  a s s o c ia t io n  i s  f a c u l ta t iv e ,  no t o b lig a te  
(sensu Boucher £ ] , ,  1982) because S tro ngy locen tro tu s occurs  in  o the r 
b e n th ic  h a b i ta ts  b e s id e s  Modiolus beds.
These experim en tal r e s u l t s  suggest th a t  f a c u l ta t iv e  m utualism  
p la y s  a  la rg e  ro le  in  determ ining  th e  upper l i m i t  o f U. m odiolus. With 
sea  u rch in  m u tu a lis ts ,  Modiolus can c o e x is t w ith  kelp  co m p etito rs  in  
th e  shallow  s u b tid a l zone.
An in c re a s in g  amount of em p irica l evidence in d ic a te s  th a t  th e  
occurrence o f m utualism  in  m arine b e n th ic  com m unities i s  more p rev a len t 
th an  p rev iously  suspected  (reviewed in  V erm eij, 1983; O rians and Paine, 
1983). Cf p a r t ic u la r  re levance  h e re  a re  m u tu a l is t ic  in te ra c t io n s  which 
enab le  in te ra c t in g  sp e c ie s  to  ex tend  th e i r  d is tr ib u t io n .  In  an 
analogous s i tu a t io n  to  M odiolus-S trongylocentro tus m utualism , Osman and 
Haugsness (1981) showed th a t  th e  hy d ro id  Zanclea reduced p re d a tio n  on 
th e  bryczoan C e lle p o ra ria  which enhanced th e  a b i l i t y  o f  C e lle p o ra ria  to  
dom inate space. Glynn (1976) found t h a t  x an th id  crab  m u tu a lis ts  
p ro te c te d  p o c illo p o r id  c o ra ls  frcm  p red a tio n  by th e  sea s ta r  
A can thaster p la n c i. Im portan tly , Suchanek (1984) found th a t  th e  
f a c u l ta t iv e  a s s o c ia t io n  between g ra z e rs  and tty t i lu s  c a l ifo m ia n u s  i s  
m u tu a lis tic . M ytilus im parted  b e n e f i ts  to  re s id e n t g ra z e rs  by 
prov id ing  p ro te c tio n  frcm  d e s ic c a tio n  s t r e s s ,  w h ile  g ra z e rs  enhanced 
th e  r a te  of patch  c lo su re  in  th e  m ussel bed. D. c a iifn m ia n n g  
recovered space l o s t  by d is tu rb an ce  n ea rly  8 tim es f a s t e r  w ith  g raze rs  
th an  w ith o u t, although th e  exac t mechanism o f g ra z e r f a c i l i t a t e d
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recovery was unclear (Suchanek/ 1984). Thus, i t  appears th a t  sub t i d a l  
m ussel beds (ft. modiolus) and in t e r t i d a l  m ussel beds (& c a lifo m ia n u s)  
have se v e ra l convergent eco lo g ic a l c h a r a c te r i s t ic s  inc lud ing  (1) an 
a s so c ia te d  fauna o f m u tu a lis t ic  g ra z e rs  t h a t  reduce dislodgem ent 
fo llow ing  overgrowth by kelp  (& modiolus) and speed recovery from 
d is tu rb an ce  (& c a lifo m ia n u s )  and (2) b a re  zones (grazing h a lo s  o r 
brow se zones) around th e  m ussel beds m ain tained  by g raze rs .
Evidence fo r  Com petition Between Lam inaria and Modiolus
According to  Emlen (1972) in te r s p e c if ic  com petition  occurs when 
two or more sp ec ie s  experience depressed  f i t n e s s  due to  t h e i r  mutual 
presence in  an  a r e a  Several p re d ic tio n s  fo llow  frcm  th e  hypothesis 
th a t  in te r s p e c i f ic  co m petition  fo r  a ttachm ent space w ith  kelp  i s  th e  
mechanism l im it in g  th e  upper d is t r ib u t io n  o f  Modiolus:
1) The l im i t in g  resource/ attachm ent space, should be  in  sh o rt 
supply.
2) Kelp should  have a  n egative  e f f e c t  on in d iv id u a l f i tn e s s  of 
Modiolus.
3) M odiolus should  have a  neg a tiv e  e f f e c t  on th e  f i t n e s s  of 
in d iv id u a l kelps.
P re d ic tio n  1.
Patch surveys conducted in  th e  zone of o v erlap  between kelp  and 
m ussels (8-10 m, MR) in d ic a te d  th a t  95.1% ( fa l l )  to  98.5% (summer) of 
th e  substratum  was covered by s e s s i le  organisms. I t  i s  c le a r  th a t  th e  
amount o f f r e e  prim ary space (sensu Dayton, 1971) a v a ila b le  fo r  
attachm ent was i n  s h o r t  supply, although l e s s  s u i ta b le  secondary 
su b s tra ta  (algae, s e s s i l e  in v e rte b ra te s )  w ere a v a ilab le .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
88
P re d ic tio n  2 .
TWo n egative  e f f e c t s  o f kelp  overgrowth on fem ale m ussels were: 
s ig n if ic a n t ly  reduced gonad w eigh ts  and s ig n if ic a n tly  reduced body 
w eights. Because o f reduced gonad w eigh ts, i t  i s  ev id en t th a t  m ussels 
ovegrcwn by kelp  w i l l  have a  low er rep ro d u c tiv e  o u tp u t th an  m ussels 
la c k in g  k e lp
In  ad d itio n , kelp  overgrow th le d  t o  extrem ely  high  m o r ta l i t ie s  in  
Modiolus popu la tions during s to rm a  Since th e  m a jo rity  o f the  stranded  
Modiolus were beyond th e  s iz e  a t  w hich sexual m a tu rity  i s  a tta in e d , 
th ese  d is a s te r s  m ust cause an  enormous lo s s  of rep roductive  p o te n tia l  
in  Modiolus popu la tions .
The d a ta  a re  c o n s is te n t w ith  th e  p re d ic tio n  th a t  kelp  reduces 
rep roductive  ou tpu t, a  c o r re la te  o f m ussel f i t n e s a  There a re , 
however, sev e ra l unanswered q u es tio n s . How does kelp  overgrowth reduce 
th e  gonad and body w eigh t o f Modiolus? Two hypotheses a re  advanced fo r  
fu r th e r  evaluation . One hypo thesis  i s  th a t  th e  e f f e c t  i s  caused by 
in c re ased  drag from a tta c h e d  kelp (Witman and Suchanek, 1984) which 
rocks th e  mussel back and fo r th  w ith  wave surge. S ustained  o r  v io le n t  
a g i ta t io n  may cause the  byssus th rea d s  to  b reak  and i n i t i a t e  the  
fo rm ation  of new byssus th read s. The e n e rg e tic  expense req u ire d  fo r  
co n stan t byssus th rea d  p roduction  may re p re se n t a  s u b s ta n tia l  e n e rg e tic  
d ra in  w hich i s  r e f le c te d  in  low er gonad and body w eights. A second 
ly p o th e s is  i s  r e la te d  to  th e  o cc lu sio n  of th e  in c u rre n t siphon by th e  
kelp  h o ld fa s t , which may im pair th e  f i l t r a t i o n  e f f ic ie n c y  of th e  
underly ing  mussel. In  t h i s  s i tu a t io n ,  overgrown m ussels sim ply 
w ouldn 't rece iv e  a s  much food a s  m ussels w ith o u t k e lp  which would be 
r e f le c te d  in  reduced gonad and body w eigh ts of overgrown m ussels.
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Im portan tly , th e re  i s  some evidence th a t  M vtilus c a l ifo m ia n u s  
overgrown by ep ifauna (sponges, a sc id ian s) have lcw er body w eigh ts  th an  
non-overgrown m ussels (Paine, 1976). R iese d a ta  suggest th a t  ep izoans 
may g en e ra lly  have a  n eg a tiv e  e f f e c t  on m ussel a
Predifitipn.3.
Kelps perish ed , as  d id  th e  underly ing  m ussel, when they  w ere 
d islodged  and c a s t  ashore o r sw ept in to  sub t i d a l  g u l l ie s .  The 
in te r a c t io n  i s  d e tr im e n ta l to  ke lp  because m ussels re p re se n t an  
u n s tab le  substra tum  fo r  a ttachm ent. Such m assive m o r ta li ty  re p re se n ts  
a  s u b s ta n tia l  lo s s  o f  k e lp  f i tn e s s .
The kelp-m ussel in te r a c t io n  can be  examined i n  l i g h t  o f C onnell's  
(1983) o p e ra tio n a l d e f in i t io n  fo r  dec id ing  whether a  sp e c ie s  was being  
a f fe c te d  by in te r s p e c i f i c  com petition , fo l lo w in g  an experim ental 
change i n  abundance o f a  p o te n t ia l  com petito r, i f  th e re  was a  
s t a t i s t i c a l l y  s ig n if ic a n t  response in  th e  opposite  d ir e c tio n  in  th e  
sp ec ie s  being s tu d ie d , in t e r s p e c i f i c  com p etitio n  was judged to  be 
occurring" (Connell, 1983). In  t h i s  example, th e  experim ental a d d itio n  
of kelp  (by u rch in  removal) caused a  3 0 -fo ld  red u c tio n  in  Modiolus 
abundance r e la t iv e  t o  c o n tro l q u ad ra ts . In  summary, th e  d a ta  a re  
c o n s is te n t w ith  se v e ra l p re d ic tio n s  c f com p etitio n  theo ry  and m eet 
C onnell's  (1983) c r i t e r io n  fo r  dem onstrating  th e  e x is ten ce  cf 
in te r s p e c if ic  co m petition  in  f i e l d  experim ents.
The p o te n tia l  fo r  s p a t i a l  com p etitio n  betw een p la n ts  and an im als 
in  m arine h ard  substra tum  environm ents i s  g re a t  because many m arine 
b e n th ic  p la n ts  and s e s s i l e  in v e r te b ra te s  use space i n  s im ila r  ways, and 
because a ttachm ent space i s  o f te n  l im i t in g  in  such environm ents 
(Jackson, 1977). Indeed, s p a t i a l  com p etitio n  betw een p la n ts  and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
an im als may b e  a  unique fe a tu re  of m arine a s  opposed to  t e r r e s t r i a l  
ecosystem s. The in te r a c t io n s  d escribed  h e re  a re  rem arkably s im ila r  to  
in te ra c t io n s  betw een P a te l la .  Balanus. and Fucus in  Scotland  (Burrows 
and Lodge, 1950) and P o s te ls ia  and M vtilus  On th e  c o as t c f  W ashington 
S ta te  (Dayton, 1973; Paine, 1979). In  Sco tland , Fucus and Balanus 
compete fo r  a ttachm ent space on exposed rocky in t e r t i d a l  shores. Fucus 
germ lings s e t t l e  on Balanus. grow la rg e  to  even tua lly  sm other and 
d islodge  B a l a n u s .  c re a tin g  a  pa tch  c f  b a re  rock (Burrows and Lodge, 
1950). The in te r a c t io n  i s  m ediated by lim p e t g razing  (P a te lla )  which 
removes Fucus frcm  Balanus p la te s .  Patch  space c re a te d  by b a rn a c le  
dislodgem ent was ap p aren tly  reco lo n ized  and dominated by b a rn ac le  
cyp rid s , s ta r t in g  th e  p rocess over ag a in  (Burrows and Lodge, 1950). In  
s p a t ia l  com petition  betw een M ytilus c a lifo m ia n u s  and Efistelsia 
p a l m a e f o r m l s .  b a rn a c le s , m ussels and o th e r s e s s i l e  organism s a re  
d islodged by P o s te ls ia  overgrowth. Patches c lea red  by dislodgem ent 
w ere rap id ly  s a tu ra te d  by P o s te ls ia  spores which grew to  dom inate th e  
c le a rin g  (Dayton, 1973; Paine, 1979). On shallow  c o ra l re e fs , 
d is tu rb an ce-p ro d iced  p a tch es  on l iv in g  c o ra l and in v e r te b ra te  su rfaces  
a re  rap id ly  co lon ized  by filam en to u s  and tu r f in g  a lgae  w hich may 
determ ine th e  outcome of com petition  fo r  space between s to ry  c o ra ls , 
s o f t  c o ra ls , and b e n th ic  a lgae  (Benayahu and Leya, 1977; Bak s i , ,  
1977). Sebens (1984a) showed th a t  co m p etitiv e  in te ra c t io n s  betw een 
c ru s to se  algae  and en c ru s tin g  in v e r te b ra te s  determ ine much c f  th e  
s p a t ia l  p a t te rn  on sub t i d a l  rock w a lls  i n  New England. A common 
fe a tu re  c f  overgrow th com petition  on sub t i d a l  rock w a lls  (Sebens,
1984a) and on upper rock su rfa c e s  ( th is  study) i s  th a t  overgrown 
sp ec ie s  do not d ie  im m ediately, b u t  they  w i l l  i f  overgrowth p e r s is ts .
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Consequently, g ra z e rs  can m ediate th e  outcome of o cm petition  by g razing  
th e  su p erio r o o m p e titio r o f f  th e  underly ing  spec ies. An im portan t 
d if fe re n c e  betw een overgrow th com petition  among s e s s i le  in v e rte b ra te s  
and u p r ig h t a lg ae  (Burrows and Lodge, 1950; Dayton, 1973; t h i s  s tu d /) 
and overgrowth com petition  betw een s e s s i le  in v e rte b ra te s  and c ru s to se  
a lg ae  (Sebens 1984a) i s  th a t  th e  form er co m p etitiv e  in te ra c t io n  i s  more 
l ik e ly  t o  be  m ediated  by p h y sica l d is tu rbance  p rocesses because u p rig h t 
a lg ae  make th e  underly ing  com petito r more v u ln e ra b le  to  physica l 
d is tu rb an ce  (Witman and Suchanek, 1984).
Conceptual Model
In te ra c tio n s  among kelp, sea  u rch in s, and Modiolus a re  summarized 
in  a  conceptual model (Big. 30). The th re e  endpoin ts of th e  
in te ra c t io n s :  Modiolus dominance, kelp dominance, and coex istence 
(corresponding t o  zo n a tio n  p a t te rn s  in  F ig . 13) a r e  in fluenced  by th e  
in te n s i ty  c f  storm  d is tu rb an ce , sea  u rch in  g razing , and th e  r a te  of 
recovery from distifcance. As dem onstrated in  th e  u rch in  removal 
experim ent, sea  u rch in  g razing  has a  n eg a tiv e  e f f e c t  on kelp (s tep  1) 
by re g u la tin g  th e  low er depth l i m i t  of th e  kelp  zone and r e s t r i c t in g  
th e  lo c a l  d is t r ib u t io n  of kelp (grazing h a lo  observations). Sea u rch in  
g raz ing  has a  p o s i t iv e  e f f e c t  on Modiolus (s tep  2) because i t  reduces 
d islodgem ent m o r ta l i ty  (urchin  removal experim ent and tagging  
experim ent). There i s  a  p o s it iv e  feecback betw een Modiolus and u rch in s  
(s tep  3) a s  Modiolus beds prov ide a  refuge from p red a tio n  fo r  re s id e n t 
se a  u rch in s  (p redation  experim ent), in d ic a tin g  th a t  th e  u rch in -M odiolus 
r e la t io n s h ip  i s  m u tu a lis t ic . As dem onstrated in  the  patch  
re c o lo n iz a tio n  experim ents (s tep  4), f a s t  recovery from d is tu rbance  
enab les ke lp  to  monopolize patch  space. The f a i l u r e  o f Modiolus to
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f i l l  pa tches c rea ted  by dislodgem ent in d ic a te s  th a t ,  depending on th e  
s tre n g th  c f  g razing  p re ssu re , Modiolus w i l l  lo se  space to  ra p id ly  
co lon iz ing  k e lp  The coex istence c f  kelp  and m ussel com p etito rs  i s  
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T&ble 1. Mean d e n s i t ie s  &  s tan d ard  e r ro r )  of in fauna  p e r 0.25 n r  
in s id e  and o u ts id e  Modiolus beds. R esu lts  o f one way 
a n a ly s is  o f  v a ria n ce  re p o rte d  a s  fo llo w s; n = sample s iz e ;  
F = F r a t i o ;  P = s ig n if ic a n c e  le v e l.
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Comp a riso n
■BSBfch H ab ita t U Mean D ensity E £
8 m Modiolus bed 5 374 (± 6 9 .7 ) 10.2 .025
o u ts id e  substratum 5 161 (± 25.5)
18 m Modiolus bed 5 541 (± 7 7 .8 ) 34.9 .001
o u ts id e  substratum 5 65 (± 2 1 )
30 m Modiolus bed 5 308 (± 3 5 .2 ) 7 .7 .025
o u ts id e  substratum 5 191 (± 27.5)
1
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1
Table 2. Experim ental comparison of p red a tio n  on O phiopholis a c u le a ta  
te th e re d  by 2 d i f f e r e n t  methods: oph iu ro id  d isk  p ie rc ed  and 
sewn v s . monofilament double t i e d  around d isk  (non-pieroed). 
The number o f O phiopholis remaining on th e  substratum  was 
determ ined by d i r e c t  observation .
Nunber Remaining 
■Time Pi e i c s fl N on-oierced
7:00 p.m. 24 24
11:30 p.m. 19* 17**
7:00 a.m. 0 0
*£. b o re a l is  observed feed ing  on 4 te th e re d  O phiopholis 
**EL. am ericanus observed feed ing  on 4 te th e re d  O phiopholis












Table 3 . Maan d e n s itie s  of predatory fish  and In v e rteb ra te s  a t  th e  s i t e  of th e  p redation  experim ents, 8 m depth.
Sunmer survey conducted In September, 1982; w inter survey In February, 1983. Data presented  a s  mean density  
±  (standard  d ev ia tion ) per 25.0 n r .  Comparisons by Wllcoxon two-sample t e s t ,  D = day, N = n igh t, summer,
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TABLE 4A. Rank a n a ly s i s  o f  dom inant s p e c ie s  in  sam ples c o l le c te d  o u ts id e  m ussel beds
b e fo re  and a f t e r  u rc h in  d is tu rb a n c e .  Maximum sc o re  i s  50 . (P) *■ p o ly c h a e te ,
(G) M g a s tro p o d , (B) = b iv a lv e ,  (NU) ■ n u d ib ran c h , (CH) <* c h i to n ,  (A) » 
amphipod, (C) = c a p r e l l i d ,  ( I )  *> iso p o d , (D) *» decapod , (AS) = a s te r o id ,
(E) » e c h in o id , (0 ) » o p h iu ro id
BEFORE DISTURBANCE
S pecies Rank Score
Mean D en sity  (N /.2J 
and
S tandard  D ev ia tio n
Lacuna v in c ta  (G) 1 45 255 (163)
P o n to een e ia  in e rm is  (A) 2 43 199 (8 2 .4 )
I sc h v ro c e ru s  an eu in es (A) 3 34 386 (593)
P leusvm tes g la b e r  (A) 4 32 120.4  (7 0 .7 )
Coronhium b o n e l l i  (A) 5 29 142.2 (1 2 2 .8 )
Amoithoe r u b r ic a t a  (A) 6 27 116.6 (9 7 .4 )
J a s s a  f u lc a ta  (A) 7 24 188 (254)
O phiopho lis  a c u le a ta  (0 ) 8 15 61 .2  (3 4 .3 )
C a o re lla  l i n e a r i s  (C) 9 8 64 .2  (6 1 .5 )
Id o te a  phosphorea ( I ) 10 7 • 3 8 .2  (2 7 .6 )
AFTER DISTURBANCE
P o n to g en e ia  in e rm is  (A)
Isc h v ro c e ru s  angu ipes (A)
S tro n e v lo c e n tro tu s  d ro b a c h ie n s is  (E) 
T onice11a ru b ra  (CH)
A s te r ia s  v u lg a r i s  (AS)
P leusvm tes g la b e r  (A)
O n ch id o ris  m u ric a ta  (NU)
Coronhium bone H i  (A)
Amoithoe r u b r ic a t a  (A)
N ere is  o e la g ic a  (P)
1 50 294 (1 2 6 .8 )
2 37 19.2 (1 0 .5 )
3 36 15.6 (1 1 .5 )
4 30 16.6 (7 .9 )
5 27 15.6 (7 .4 )
6 24 14.4 (1 3 .8 )
7 16 12.8 (21)
8 13 9 .8  (1 1 .2 )
9 12 9 .8  (1 1 .9 )
10 10 5 .6  (3 .8 )
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TABLE 4B. Rank a n a ly s i s  o f dom inant sp e c ie s  in  M odiolus beds b e fo re  and a f t e r  u rc h in  
d is tu rb a n c e .  Maximum sc o re  i s  50. Taxonomic a b b re v ia t io n s  as in  T able 4A.
BEFORE DISTURBANCE
S p ecies Rank Score
O ph iopho lis  a c u le a ta  (0 ) 1 50
N a in e re is  q u a d ric u sp id a  (P) 2 40
S tro n e v lo c e n tro tu s  d ro b a c h ie n s is  (E) 3 38
Lacuna v in c ta  (G) 4 34
A m p h itr ite  c i r r a t a  (P) 5 31
T o n ic e l la  ru b ra  (CH) 6 28
H ia t e l l a  a r c t i c a  (B) 7 21
Isc h v ro c e ru s  angu ioes  (A) 8 20
A m p h itr ite  io h n s to n i (P) 9 19
C is te n id e s  g ra n u la ta  (P) 10 10
Mean D en sity  (N /.25  m ) 
and
S tandard  D e v ia tio n  (SD)
273 (1 3 7 .5 )
59 .8  (3 6 .1 )
54 (10)
28 923)
2 0 .4  (2 8 .8 )
15 .2  (5 .2 )
12 .4  (9 )
10 ( 12. 2)
8 .8  (1 3 .9 )
7 .4  (3 .4 )
AFTER DISTURBANCE
O ph io p h o lis  a c u le a ta  (0 )
N a in e re is  o u a d ric u sp id a  (P)
S tro n g v lo c e n tro tu s  d ro b a c h ie n s is  (E) 
T o n ic e lla  ru b ra  (CH)
A m p h itr ite  c i r r a t a  (P)
A m p h itr ite  io h n s to n i (P)
H ia t e l l a  a r c t i c a  (B)
Eualus p u s  io  lu s  (D)
N ere is  p e la g ic a  (P)
C ia te n id e s  g ra n u la ta  (P)
1 50 199 (140)
2 39 4 4 .6  (2 1 .5 )
3 35 2 4 .4  (4 )
4 34 2 2 .4  (1 4 .8 )
5 30 18.6 (8 .6 )
6 24 14.6 (6 .1 )
7 18.5 8 .6  (6 .8 )
8 11 7 (3 .4 )
9 7 5 .8  (2 .5 )
10 6 5 .6  (1 .8 )
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liab le 5 . Major sources o f  Modiolus m o r ta l i ty  i n  m onitored mussel beds 
a s  a  fu n c tio n  o f  depth . Data re p o rte d  a s  number o f m ussels 
k i l le d  w ith  p e rc e n t m o r ta li ty  p e r  5 y r s  in  p aren theses, 
based  on photograph ic m onitoring  from January , 1979 to  
January , 1984. She t o t a l  number o f m ussels i n  m onitored 
beds a t  th e  beg inn ing  o f  th e  in te r v a l  was 153 (8 m),
101 (18 m), and 98 (30 m).
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M o rta lity  Source 8 m 18 m 30 m
Dislodgement by kelp 43 (28%) 0 0
A s te r ia s  v u la a r is  o red a tio n 10 (6.5%) 1 (0.9%) 1 (1.0%)
Crab and lo b s te r  p red a tio n 2 (1.3%) 1 (0.9%) 3 (3.0%)
Gaping m ussels 1 (0.6%) 0 2 (2.0%)
Mussel d isappearances 0 3 (2.9%) 2 (2.0%)
T o ta l m o r ta li ty 56 (36.4%) 5 (4.7%) 8 (8.0%)
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Tfcble 6. D e n s itie s  o f  ju v e n ile  Lam inaria spp. sp o ro p ty tes  
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Table 7. Percent frequency of different species of brown algae attached to 
dislodged Modiolus at Sea Point. J,. dioitata (1:1) indicates 1 
le dioitata on 1 fi. modiolus. Abbreviations in combination column 
are L. .digitate and L. saccharina on same mussel, A; L. dioitata 
and A- .Slifeggffla on same mussel, B; I,. saccharina and A  cribosum on 
same mussel, C.
.Month. X._digitata L-digitete (1;1) L, saccharina a. cribosum combination
Sept 81 46.0 (41.0) 50.0 4 0
Oct 81 80.8 (77.7) 18.7 0.4 0
Nov 81 53.9 (39.5) 8.1 34.5 3.4 A
Dec 81 65.3 (56.0) 18.4 7.9 2.1 A
Jan 82 56.9 (45.5) 0.2 40.5 0
Feb 82 63.2 (44.2) 12.6 21.2 4.0 A
Mar 82 63.1 (55.0) 11.9 25.0 0
Apr 82 67.8 (46.7) 7.4 22.4 2.2 A
May 82 35.2 (35.3) 35.2 5.8 23.5 A 
3.8 A
June 82 62.3 (44.6) 12.2 20.2 0.4 B 
0.2 C
July 82 45.4 (45.4) 27.2 36.3 0
Aug 82 61.2 (56.8) 30.1 8.6 0
Sept 82 65.4 (59.0) 25.0 10.0 0
4.2 A
Oct 82 70.9 (61.3) 16.5 5.9 1.3 B 
0.9 C
Dec 82 75.2 (61.3) 12.5 4.6 4.8 A 
3.0 B
Jan 83 80.5 (52.7) 11.1 5.5 0
Feb 83 64.1 (50.2) 6.1. 22.6 6.9 A
Mar 83 69.2 (46.1) 4.6 21.5 3.0 A
Apr 83 64.0 (56.1) 19.0 10.0 7.0 A
May 83 85.4 (59.3) 7.2 4.2 3.0 A
Jun 83 65.0 (55.0) 15.0 17.0 10.0 A 
3.0 B
July 83 59.1 (54.0) 20.0 13.0 5.0 A
3.0 B 
2.8 A
Aug 83 81.16 (56.4) 9.7 7.1 0.5 B 
0.3 C
Sept 83 76.14 (50.4) 20.1 0 3.6 A
Oct 83 78.57 (60.2) 7.1 5.1 5.1 A 
4.08 B
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75ble 8. Marine weather conditions recorded at White Island, Isles of Shoals 
during storms that caused massive mussel dislodgement (> 2500 musse l s  








Apr 3, 1982 1.83 6.0 20 SE
Jun 8, 1982 1.52 6.0 14 NNE
Oct 12-19, 1982 > 3.96 unknown 45 ME
Aug 12, 1983 1.83 6.0 36 ME
Oct 23, 1983 1.22 6.0 7.0 WSW-NE
Oct 24, 1983 1.22 6.0 34 ME
Oct 25, 1983 1.22 5.0 26 ME
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Table 9. Marine weather conditions recorded during months with ware heights 








Jan 25, 1979 3.04 3.0 45 NE
Jan 6, 1980 2.44 10.0 40 NNE
Jan 16, 1980 2.44 10.0 23 NNE
Mar 22, 1980 2.44 5.0 25 ENE
Oct 4, 1980 2.13 5.0 10 SW
Feb 2, 1981 2.44 8.0 33 SSE
Dec 6, 1981 2.13 7.0 35 NEW
Jan 5, 1982 2.74 7.0 25 WSW
Oct 12-19, 1982 > 3.96 unknown 45 NE
Nor 5, 1983 2.13 8.0 40 NE
Dec 5, 1983 3.04 5.0 15 NNE
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Table 10. C harac teris tics  of mussel dislodgement patches a t  8-10 m depth, 
Murray Bock. Data reported in  f i r s t  two columns as  means ± 
(standard dev iation).
Mean density of Total patch area
patches per 0.25 nr Mean patch s ize  in  a i r  Percent
Date mussel bed (cur) (per 25,000 cm2) Disturbed
Spring 1.1  ± 0 .3 1  107.51 ± 27.56 1,182.71 4.73
(Apr 82)
F a ll  2.5 ±  0.70 91.18 ±  48.41 2,279.60 9.11
(Oct 82)
Winter 1.3 ±  0.40 122.56 ± 97.64 1,593.71 6.37
(Feb 83)
Sumner 0.9 ±  0.56 97.16 ± 16.87 874.50 3.49
(Aug 83)
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Cable 11. C harac te ris tics  of kelp ho ld fast patches a t  8-10 m depth, Hurray 
Rock. Data reported in  f i r s t  two columns as  means ±  (standard 
dev ia tion ).
Date
Mean density of .  
patches per 0.25 nr
Mean patgh size




(2.5 n f )
Spring 
(Apr 82)
0.6 ±  0.51 92.93 ± 2 3 .1 557.58 2.23
F a ll 
(Oct 82)
1.3 ±  0.48 93.94 ±  15.83 1,221.33 4.88
Winter 
(Feb 83)
0.8 ±  0.42 88.24 ±  11.64 705.97 2.82
Sunnier 
(Aug 83)
0.5 ±  0.52 74.34 ±  27.97 371.74 1.487
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Ihble 12. Lower lim it of the kelp zone a t  Murrey Rock before (Oct 1381) and 
31 months a f te r  the ranoval of the sea urchin fro n t a t  9.1-10.5 m 




Mean a lg a l density/0.25 m?
Before A f te r
0 7.0 + 4.2 Laminaria d i c i t a t a
6.3 + 5.3 ra m tn a H a  s a c c h a r in a  
0 te a ru m  c rib o su m
0.65 ±  0.5 tearum cribosum 3.9 + 2.8 T anrlnaH a d lo ita ta
2.0 ± 1.8 T am tnaH a saccharina 
2.25± 2.5 ta a ru m  crib o su m













Table 13. Abundance of algae and invertebrates in mussel patches that bad low percent cover (< 10Z) or density. Data reported aa me an a with etandard 
deviations in parentheses. Values for algae are percent cover; invertebratea are densities. Data on Lacuna are from the 7 kelp-dominated 
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-  -  -  7.13 5.73 7.46 
(25 .7 )(20 .30)(16 .81)
*1.92 1.98 1.93 1.60 2.20 -  1.86 1.40 2.13 3.46 0.21 4.13 3.73 1.20 -  -  -  2.86 3.60 2.80
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to
o
liable 14. R e la tio n sh ip  between abundance o f g ra z e rs  observed i n  m ussel 
pa tches and dominance of kelp  i n  th e  pa tches. T o tal g ra z e rs  
a re  pooled d e n s i t ie s  o f T o n ic e lla . Aonaea. and 
S tro n g y lo cen tro tu s  per 115 cmz .
PATCHES NOT DOMINATED BY KELP
T otal T o ta l T o ta l Kelp
D ensity D ensity D ensity D ensity
of of of Sea T otal a t  End
Patch T o n ice lla j&maea P rch in s G razers o f  Exot.
1 1 3 2 5 0
2 0 10 1 11 0
3 0 11 2 13 2
4 0 1 2 3 0
5 0 3 1 4 0
6 1 1 3 5 0
7 1 7 1 9 0
8 2 7 1 XL JL
60 2
PATCHES DOMINATED BY KELP
9 0 1 0 1 8
10 0 0 2 2 8
11 0 3 0 3 29
12 0 2 0 2 14
13 0 0 0 0 11
14 0 1 0 1 11
15 1 1 0 _2 XL
11 91













Table 15. Abundance of aeeeile organises in algal turf patcbea that had < 10Z cover or were present in low densities froa October 1982 to Hay 1984.
Data reported aa neans vith standard deviation in parentheses; values for algae are percent coveg, invertebrate values are densities unless 
denoted by (*) indicating percent cover. Months not saapled (-). Densities reported per 115 c b  •
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Fig . L  Hap showing th e  lo c a tio n  o f study s i t e s  a t  8 , 18, and 30 m eters 
depth o ff  S ta r  Is lan d , I s l e s  o f S hoala  Depth con tours in  
m eters. In s e t  map shows lo c a tio n  o f I s le s  o f  Shoals in  
r e la t io n  t o  New England coast.
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Fig. 2. Dendrogram re s u lt in g  from group average c lu s te r in g  o f 80
in v e r te b ra te  s p e c ie a  S pecies a re  in d ic a te d  by code a t  bottom  
w hich can be  matched w ith  sp ec ie s  names and d e n s i t ie s  in  
Appendix L  Group A re p re se n ts  a  30 m eter o u ts id e  s u b s tra te  
community, Group B an 8-18 m eter o u ts id e  su b s tra te  community, 
and Group C th e  Modiolus caim unity.
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Fig. 3. Photcquadrats (0.25 m2) o f b e n th ic  h a b i ta ts  sam pled
Increm ents a t  to p  and b o tta n  of each q u ad ra t a re  2 cm wide.
A. ModiQlms aggregation  a t  8 m; n o te  S tronqv locen tro tu s 
d roebach iensis  in  betw een m ussels. Mussel s h e l ls  a re  en cru sted  
by c ru s to se  c o ra l l in e  a lg ae  (e sp ec ia lly  Lithothamnium g la c ia l s ) ,  
a  A lgal " tu r f"  on substratum  o u ts id e  m ussel beds a t  8 m.
Turf occurs under a  canopy of kelp  ( t a m i n a r i a  sacch a rin a  and 
Lam inaria d io i ta ta )  and i s  predom inated by  Chondrus c r iso u s . 
Corallim SfEicinaliSr and Phyllophora m en b ran ifo lia .
C. Modiolus ag g reg a tio n  a t  18 m; m ussels encrusted  by c ru s to se  
c o ra l l in e  algae. Q Pavement o f c ru s to se  c o ra l l in e  a lg ae  
(p rim arily  Lithoohyllum  otb icu latum  and Lithothamnium glacials) 
and f le sh y  red  c ru s ts  o u ts id e  m ussel beds a t  18 m. TUfts of 
u p rig h t m acroalgae a re  P t i l o ta  s e r ra ta .  E. Modiolus 
ag g rega tion  a t  30 m. F. S tbstra tum  o u ts id e  m ussel beds a t  
30 m covered by a  m a trix  o f amphipod tubes (P ho tis  macrocoxa). 
Sponges a r e  .Polymast i a  in f ra p i lo s a ;  u p rig h t m acroalgae a re  
p r im a r ily  P t i l o ta  s e r ra ta .  Q u s te r  group A (in  F ig . 2) 
composed o f sp ec ie s  from h a b i ta t  dep ic ted  i n  photoquadrat F; 
c lu s te r  group B composed of sp e c ie s  o ccu rring  in  h a b i ta ts  
i l l u s t r a t e d  i n  photoquadrats B and D; c lu s te r  group C 
composed o f sp e c ie s  in h a b itin g  m ussel beds shown in  
pho toquadrats A, C, and E.
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Fig . 4. R esu lts  o f  p re d a tio n  experim ents w ith  H ia te l la  a r c t ic a  a s  prey 
in s id e  and o u ts id e  Modiolus beds. A T r ia l  1 m onitored 
d i r e c t ly  by div ing . Mote h ig h  p re d a tio n  a t  n ig h t. & T r ia l  2 
m onitored rem otely  by tim e la p se  photography f o r  19 hours; 
b reak  i n  X a x is  in d ic a te s  t h a t  rem ainder c f  t r i a l  was m onitored 
by diving. P red a to rs  re sp o n s ib le  fo r  a t ta c k s  rep resen ted  a s  
Ci = Cancer irroratus; A = flstsrias vulgaris; b  = Bucoinuro 
undatum: Cb = Cancer b o re a l is :  H = HomaEHS ameiicamis;
T = Tautooolabrus adsnersus: P = Pseudopleuronectes ameri<anus. 
L ig h t and dark  b a rs  belcw X a x is  in d ic a te  hours of d a y lig h t 
and darkness.
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F ig . 5. R esu lts  o f p red a tio n  experim ent w ith  S tronov locen tro tu s 
d roebach iensis  as  prey in s id e  and o u ts id e  Modiolus beds. 
S u rv ival of sea  u rch in  prey m onitored d i r e c t ly  by d iv ing ; 
p red a to r synbols a s  in  F ig . 4.
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Fig. 6. R esu lts  o f p red a tio n  experim ents w ith  Oph io p h o lis  a c u le a ta  
a s  prey in s id e  and o u ts id e  Modiolus beds. A T r ia l  1 
conducted a t  n ig h t; n o te  th a t  Homarus am ericanus accounted fo r  
a l l  a tta c k s , a  T r ia l  2 conducted during th e  day; a l l  
a t ta c k s  w ere by Pseudooleuronectes am ericanus. Both t r i a l s  
m onitored rem otely  by tim e  lap se  photography; p red a to r symbols 
a s  i n  F ig . 4.
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Fig. 7. Dendrogram re s u lt in g  from group average c lu s te r in g  o f  20 
samples c o l le c te d  a t  8 m study s i t e  b e fo re  and a f te r  sea  
u rch in  grazing . Group A c o n s is ts  o f 4 p re -g raz in g  Modiolus 
bed sam ples and 1 p re -g raz in g  o u ts id e  substratum  sample; 
group b  composed o f p re -  and p o s t-g raz in g  Modiolus bed  sam ples; 
group C composed of p re -d is tu rb a n ce  o u ts id e  substratum  samples 
(kelp f o r e s t  community); and group D c o n s is ts  o f p o st-g raz in g  
o u ts id e  substratum  samples (urchin  b a rren s  community).
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Pig. 8. Species r ich n e ss  o f m acrcbenthic tax a  w ith in  fu n c tio n a l groups 
b e fo re  and a f te r  sea  u rch in s  overgrazed th e  8 m study s i te .  
Dark b a r s  in  f r o n t  re p re se n t Modiolus bed sam ples; l i g h t  b a rs  
i n  re a r  re p re se n t o u ts id e  s u b s tra te  sam p ler Species of 
u p r ig h t a lg ae  l i s t e d  i n  Appendix 3.
c .
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Fig. 9. Mean sp ec ie s  d iv e rs i ty  and mean evenness per q u ad ra t of
in v e r te b ra te  fu n c tio n a l groups b e fo re  and a f te r  severe  sea  
u rch in  g raz ing  fo r  Modiolus bed sam ples (dark b a rs  in  f ro n t)  
and o u ts id e  s u b s tra te  samples ( l ig h t  b a rs  in  re a r) .
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F ig . 10. Bie number of Modiolus m odiolus in  4 m onitored m ussel beds 
(0.25 m2 a re a )  a t  each  o f  3 d e p th s  (8, 18, and 30 m). Arrow 
in d ic a te s  when th e  sea  u rch in  f ro n t  passed over th e  8 m mussel 
beds; no te  la c k  o f change i n  m ussel d en s ity  a f te r  u rch in  
d istu rbance . Net change in  each m onitored m ussel bed g iven  in  
paren theses.
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F ig . 11. Map showing th e  lo c a tio n  o f study s i t e s  a t  Sea P o in t, Murray 
Rock, and S ta r  I s la n d  In s e t  map shows lo c a tio n  of n o rth  and 
south  beaches a t  Sea P o in t th a t  w ere surveyed fo r  d islodged  
m ussels. Open c i r c l e  d es ig n a tes  lo c a to n  o f wave h e ig h t 
o b servations  o f f  White Is la n d , I s l e s  o f  Shoals.
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F ig . 12. Diagram of experim ental d esig n  a t  Murray Rock.
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F ig . 13. Depth zo nation  o f kelp  and m ussels a t  Murray Bock and S ta r  
Is land . Data a re  mean d e n s i t ie s  w ith  95% confidence 
in te rv a ls .




















L. ta c e h o f in o  O — O  
L. tfiaiiflig • —•
0
8





























P ig . 14. Abundance o f sea  u rch in s  (S. d roebach iensis) in s id e  and
o u ts id e  Modiolus beds a t  Murray Rock and S ta r  Is land . E rror 
b a r s  a re  95% confidence in te rv a ls .  Note h igh d en sity  
aggrega tions o f sea  u rch in s  o u ts id e  m ussel beds (urchin 
f ro n ts )  a t  11 m (MR) and 12 m (S I).
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P ig . 15. Mean d e n s i t ie s  o f  re c e n tly  s e t t l e d  m ussels i n  a lg a l  tu r f  and 
Modiolus bed h a b i ta ts  a t  Murray Pock (8-9 m depth). E rro r 
b a rs  re p re se n t 95% confidence in te rv a ls .
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F ig . 16. T o ta l number of Modiolus w ith  a ttach e d  kelp  c a s t  asho re  a t  
Sea P o in t (north  and sou th  beaches). Note lo g  s c a le  on y  
a x is .










































1 9 8 1 1 9 8 2 M O N T H S 1 9 8 3
155
156
F ig . 17. S ize  frequency h istogram s o f Modiolus w ith  a tta ch e d  kelp  c a s t  
ashore  a t  Sea P o in t.
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F ig . 18. Maximum w are h e ig h ts  recorded  o f f  W hite Is lan d , I s le s  o f 
Shoal a  Data re p re se n t th e  h e ig h t o f  waves in  th e  open 
ocean, n o t th e  h e ig h t of waves b reak ing  on shore, which w ere 
h igher.



















C Sd313U 3 1H9I3H 3At»n UlflUIIXyU
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
160
F ig . 19. Hhotoquadrat (0.25 m2) shewing a  sm all pa tch  c re a te d  by th e  
d islo d g an en t o f a  Modiolus overgrown by kelp  in  th e  u rch in  
removal quad ra ts. Fateh a re a  i s  25 cm2; increm ents a t  top  
and bottom o f q u ad ra t a re  2 cm.
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F ig . 20. H iotogrgjii o f an average s iz e  m ussel dislodgem ent patch  
(105 cm2). Note tagged ke lp  on Modiolus in  upper p a r t  
o f  photograph. A lgal tu r f  h a b i ta t  i s  shown i n  low er h a l f  of 
photograph. Black increm en ts on r u le r  a re  1 cm.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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F ig . 21. P ercen t su rv iv a l o f tagged Modiolus overgrown by help  a t  
Murray Rock. Endpoints o f  1981-82 (16%) and 1982-83 (22%) 
tagg ing  re p re se n t th e  p e rce n t of ta g s  removed by sea  u rch in s 
chewing through kelp  s t ip e s .
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F ig . 22. Schem atic diagram o f th e  s tu d /  s i t e  a t  Murray Rock showing 
th e  tagg ing  a rea , u rch in  removal a rea , and m ussel sh e llb ed s  
in  a  g u lly  below th e  p innacle .
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F ig . 23. Mean d e n s i t ie s  o f kelp  in  u rch in  removal and grazed  co n tro l 
q u ad ra ts . E rro r b a rs  re p re se n t 95% confidence in te rv a ls .
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F ig . 24. T o tal number of M odiolus d islodged  i n  u rch in  removal and 
grazed  c o n tro l q u a d ra ts .
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F ig . 25. Major sources o f  a d u l t  M odiolus m o rta li ty  in  u rch in  removal 
and grazed  c o n tro l q u ad ra ts .
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F ig . 26. Hiotograph o f a  g razing  h a lo  around a  Modiolus bed a t  9 m 
depth, Murray Bock. Note sea  u rch in s  consuming kelp  around 
th e  m ussel bed. Width o f g razing  h a lo  ranges from 6 to  25 cm.
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F ig . 27. Dry w eight o f Modiolus m odiolus gonads w ith  and w ith o u t 
a tta c h e d  k e lp  E rro r b a rs  re p re se n t 95% confidence 
in te rv a ls .
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F ig . 28. R eoolonization  o f p a tch es  c le a re d  in  Modiolus beds a t  Murray 
Rock. Data a re  mean v a lu es  w ith  95% confidence in te rv a ls .




































i—i—m —i—i—i—i—i—i—i—i—i—i -i r i ~ i—i—i—r
o n d |j f m a m j j a s o n d |j f m a m
1982 1983 1984
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
181
F ig . 29. R eco lon ization  o f  pa tch es  c le a re d  in  a lg a l  tu r f  a t  Hurray 
Rock. Data a re  mean v a lu e s  w ith  95% confidence in te rv a ls .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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F ig . 30. Conceptual model of in te ra c t io n s  between kelps, sea  u rch in s, 
and Modiolus. Begin a t  s te p  1 and fo llow  arrow s through 
diagram. The th re e  endpoin ts o f  th e  in te ra c t io n s :  Modiolus 
dominance, kelp  dominance, and coex istence (corresponding to  
zonation  p a t te rn s  in  F ig. 13) a r e  in fluenced  by th e  in te n s i ty  
o f storm  d is tu rb an ce , sea  u rch in  g razing , and th e  r a te  o f 
recovery from d istu rbance. As dem onstrated in  th e  u rch in  
removal experim ent, sea u rch in  g razing  has a  n egative  e f f e c t  
on kelp  (s tep  1) by re g u la tin g  th e  low er depth l i m i t  o f th e  
kelp  zone and r e s t r ic t in g  th e  lo c a l  d is t r ib u t io n  of kelp 
(grazing h a lo  observations). Sea u rch in  g razing  has a  
p o s it iv e  e f f e c t  on Modiolus (s tep  2) because i t  reduces 
dislodgem ent m o r ta li ty  (urchin  removal experim ent and tagging 
experim ent). There i s  a  p o s i t iv e  feedoack betw een Modiolus 
and u rch in s  (step  3) as  Modiolus beds provide a  refuge from 
p red a tio n  fo r  re s id e n t sea  u rch in s  (p redation  experim ent), 
in d ic a tin g  th a t  th e  u rch in -M odiolus re la t io n s h ip  i s  
m u tu a lis t ic . As dem onstrated in  th e  patch  rec o lo n iz a tio n  
experim ents (s tep  4), f a s t  recovery from d is tu rb an ce  enables 
kelp  to  monopolize pa tch  space. The f a i l u r e  o f Modiolus to  
f i l l  p taches  c rea ted  by dislodgem ent in d ic a te s  th a t ,  
depending on th e  s tre n g th  o f g razing  p ressu re , Modiolus w i l l  
lo se  space to  rap id ly  co lon iz ing  kelp. The coex istence  of 
kelp  and mussel com petito rs i s  f a c i l i t a t e d  by mutualism.
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Species groups id e n t i f i e d  by c lu s te r  a n a ly s is  (dep ic ted  i n  F ig . 2 ) .
Taxonomic a b b re v ia tio n s  a re  a s  fo llo w s : (S) sponger (OC)
o c to co ra l, (N) nem ertean, (P) po lychaete , (B) b iv a lv e , (G) gastropod , 
(NU) nudibranch, (OP) oph istobranch , (CH) ch ito n , (A) amphipod, (C) 
c a p re l l id ,  (I) isopod, (TA) ta n a id , (CU) cumacean, (D) decapod, (AS) 
a s te ro id ,  (E) ech in o id , (0) oph iu ro id , (H) h o lo th u ro id , (T) tu n ic a te . 
Code re p re se n ts  sp e c ie s  a b b rev ia tio n  used in  dendrogram. F u nctional 
group c a te g o r ie s  a re :  ep ifauna (EPI), m obile fauna (MCB), in fauna
(INF). Mean d e n s i t ie s  w ith  s tan d ard  d e v ia tio n s  in  p a ren th eses  
p resen ted  from  sam ples in s id e  Modiolus beds (IN) and on th e  substratum  
o u ts id e  (COT) a t  each depth.
P o s t-c lu s te r in g  an a ly se s  (2-way MCVA and Student-Newman-Keuls 
t e s t )  id e n t i f i e d  th e  m ajor d is t r ib u t io n  p a t te rn  shared  among ta x a  in  
c l u s t e r s  A, B, and C i n  F ig . 2. The e f f e c t  o f  d e p th  (8, 18, 30 m e te rs )  
and h a b i ta t  (ou tside  o r in s id e  Modiolus bed) on sp ec ie s  d en s ity  was 
te s te d  by 2-way MCVA S ta t i s t i c a l  s ig n if ic a n c e  le v e ls  rep o rte d  a s  * = 
p  < .05, ** = p  < .01 , *** = p  < .00L  Where th e  i n t e r a c t i o n  o f  d e p th  
and h a b i ta t  w ere n o n -s ig n if ic a n t (NS); mean d e n s i t ie s  w ere compared by 
th e  Student-Newman-Keuls t e s t  (£NK), w hich in d ic a te d  where th e  h ig h e s t 
d e n s i t ie s  o f  each sp e c ie s  o c c u rre d  A ll SNK r e s u l t s  a re  s ig n if ic a n t  a t  
p  < .05.
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a x a r ta  (6) AEXAR MOB 0 0 0 0 4 .4 (6 .1 ) 1 8 .2 (5 .9 ) «*« * NS > 30 M OUT
Hollerla  
costulata (G) H.C0S MOB 0 0 .2 (0 .4 ) 0 0 .6 0 .3 ) 7 .8 (8 .4 ) 2 4 .0 0 0 .1 ) «* ft US > 30 M OUT
AUaala
a r e o la ta  (G) AAREO MOB 0 0 .4 (0 .9 ) 0 0 8 .1 0 2 .5 ) 3 1 .4 0 3 .9 ) ttft « «ft
AxJoanathus 
squamata (0 ) ASQUA INF 13.0(13 9) 18 .0 (11 .2 ) 0 .3 (0 .2 ) 1 .6 (2 .6 ) 1 1 .2 (8 .9 ) 3 2 .0 0 7 .5 ) «*« ft NS > 30 M OUT
Thelepus 
e ln c ln n a tu s  (P) TCINN INF 0 1 .4 (2 .6 ) 1 .4 (2 .1 ) 1 0 .0 0 3 .0 ) 4 .8 (4 .2 ) 2 7 .2  0 2 .4 ) ft* «ft NS > 30 M OUT
Monoculodes 
tu b e rc u la tu s  (A) MTUBE INF 0 0 1 .2 0 .3 ) 6 .0 (5 .1 ) 9 .4 (6 .6 ) 1 9 .8 (8 .1 ) ** » NS
S tenop1e u s te s  
g r a c i l i s  (A) SGRAC MOB 0 0 0 0 0 .8 0 .3 ) 1 4 .8 0 1 .0 ) **ft *ftft ftftii
Syrrhoe 
c r e n u la ta  (A) SCREN MOB 0 0 0 0 1 .8 0 .7 ) 1 1 .8 0 2 .2 ) ** * NS
Aaqlnna 
lo n g lc u r ls  (C) ALONG MOB 0 4 .4 (8 .8 ) 8 .2 0 2 .0 ) 2 1 .2 0  1.3) 9 .4 0 3 .8 ) 2 3 .8 0 6 .0 ) ft « NS
N ereis 
p e la q lc a  (P) NPELA HOB
GROUP B: 8 AND IB H COMMUNITY


























































































































CM cm VO CM d © © CM d CM





















































o CM SO vO O © VO o CM o o


























cm •if CM o © O co d d
in © CM ©
CM















—* —*  IT
c
o *c














8 H 18 M
COPE
FUNCTIONAL 






PEPTH . HABITAT ACTION__ DENSITY PATTERN
Oendronotus 
frnndnsus (NU) DFRON MOB
Coryphalla
v e rru c o sa  (NU) CVERR HOB
Lepldonotus 
sqitamatus (P) L9QUA HOB
Bucclnun
iindatnm (G) BUNOA HOB
Cancer
I r r n r a tn s  (0 ) CIORR HOB
Nlcolea
7 Q s ta rlc o la  (P) NZOST HOB
H ytlI us
ariul I s  (B) l€DUL EPI
Harmothoe 
Im h rlca ta  (P) HIM3R HOB
Pleusymtas 
j l a b e r  (A) PGLAB HOB
CapreI la
se p te n tr io n a l  Is  (C) CSEPT HOB
PontogeneIa 
Inerm ls (A) PINER HOB
0 4.2(6.6) 0 0
0 4 .2 1 .2 )  0 .2 (0 .4 1  0
17 .8 (1 4 .0 ) 3 4 .0 (2 4 .7 )  1.4 ( 1 . 1) 5 .6 (2 .6 )  0 .6 (0 .9 >  2 . 2 0 . 2 )  *»*
0 .8 (0 .4 )  1 .8 0 .1 )  5 . 6 0 . 8 )  1 2 .6 (6 .8 )  1.0 (0 .7 )  3 .4 (2 .8 )  ***
0 . 8 0 . 6 )  4 .6 0 .4 )  0 0 0 0 ***
4 .8 (6 .9 )  1 8 .2 0 4 .6 )  0 .8 (0 .8 )  2 . 6 0 . 8 )  1 .8 0 .9 )  4 .2 (2 .6 )  **»
6 .0 (4 .9 )  2 4 .0 0 2 .5 )  1 .0 (2 .3 )  3 .0 ( 2 .1) 0 . 8 0 . 8 )  1.4 ( 3 .1) ***
3 .8 (2 .8 )  1 0 .2 (3 .8 )  2 .0 0 .8 )  6 .2 (3 .0 )  0 .8 0 .1 )  3 .1 0 .4 )  *
2 8 .8 (2 1 .4 )  120.4(60.7  ) 5 8 .2 (3 0 .2  ) 6 8 .8 (3 3 .3 )  1 .4 0  . 7 ) 3 .8 0 .1 )  ***
7 .8 ( 6 .1) 4 5 .4 (3 5 .0 )  2 1 .0 (2 2 .7  ) 3 4 .2 0  2 .6  ) 0 1 .7 0 .4 )  ***
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APPENDIX 2
S ize  s t ru c tu re  a£ Modiolus m odiolus and dominant members o f th e  
Modiolus community (Qphiopholis a c u le a ta . pg. 196; HiateJLla a r c t i c  
pg. 197; and S tronov locen tro tu s dro<f ra ghiensi Sr P9- 198) in s id e  and 
o u ts id e  m ussel beds a t  S ta r  Is la n d  s tu d /  s i t e s  (8, 18, 30 m depth).
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HIATELLA IN NODIOLUS BED
n = 252
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APPENDIX 3
S pecies o f  u p r ig h t a lg ae  used fo r  d e te rm in a tio n  o f  sp e c ie s  r ic h n e ss  
in  F ig . 8. A ll 23 s p e c ie s  w ere p re se n t in  th e  o u ts id e  substratum  sam ples 
and M odiolus bed  sam ples f  ran  8 m depth p r io r  to  sea  u rch in  overgrazing.
EHAEOEHYIA:
Lam inaria .diflifcafca 
Laminar i a  sacch a rin s  
Aaarum cribosum  
A la r ia  f^ ctfleafea
EHODOHHTA:
Chondrus c r iso u s  
Phvllophora oseudoceranoides 
P fo llopho ra  tEfflda ta  
Phycodrys  rubens 
Plum aria e leoans 
Porptyra m o ia ta  
Porohvra u n b i l ic a l i s  
Phi 1 rrf-a s e r r a ta
Callithannion tetragaiwm 
Cvstoclonium nurnureum v a r . cirrhosum  
Ceramiwn rub cum 
C a llc p h v llis  c r i s t a t a  
P a l m a r i a  p a l m a t a  
M aibranoptera alafca 
A ntithamnion p v la is a e i  
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